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SUMMARY 
Suspension of solids in mechanically agitated vessels is important industrially for many solid-liquid 
processes such as dissolution and leaching. This becomes especially important for process 
intensification in agitated vessels which involves processing high solids concentration slurry for the 
purpose of increased throughput per unit volume without major changes in the geometry of the 
existing infrastructure. To achieve the off-bottom suspension of high concentration slurry, impeller 
speed and power draw need to be increased substantially but there is no guarantee this will lead to 
improved solid-liquid mass transfer. Solid-liquid mass transfer in an agitated vessel has been 
studied extensively during the last few decades but the knowledge is limited to low solids 
concentration systems. Mass transfer in systems with high solids loading is not fully understood yet. 
Also, there have been very few attempts to investigate the effects of active particle mass fraction on 
solid-liquid mass transfer in agitated vessels. This study investigates the effects of solids loading 
and the active particle mass fraction on solid-liquid mass transfer in an agitated dissolution system.  
 
Experiments were carried out in a 0.2 m diameter cylindrical perspex vessel equipped with four 
equally spaced baffles. A six-bladed Rushton turbine and 45°pitched blade impeller were used as 
the impellers. Glass particles coated with benzoic acid (active particles) and water were used as the 
solid and liquid phases, respectively. Total solids concentration Cv was varied from 3 to 30% (v/v) 
and the concentration of active particles (benzoic acid coated particles) in the total solids was varied 
from 3 to 10% (v/v). The critical impeller speed Njs required to ‘just suspend’ the solids off the tank 
bottom was determined by measuring the sedimentation bed height (HB) visually and defining the 
impeller speed at which HB becomes zero as Njs. The changes in the conductivity values of water 
due to the dissolution of benzoic acid from solid surface were measured as a function of time and 
used in determining the volumetric solid-liquid mass transfer coefficient kSLap.  
 
Experimental results show that, regardless of Cv used, kSLap increases with the impeller speed 
gradually up to Njs and remains more or less constant beyond that. It has been also found that kSLap 
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increases rapidly with an increase in Cv from 3 to 10 % (v/v) and remains more or less constant 
beyond that, regardless of the active particle concentration used. It was interesting to note that kSLap 
values increases for solids with higher active particle mass fraction for all Cv used. These results 
suggest that higher values of kSLap can be achieved in agitated vessels by operating them at higher 
total solids loadings with higher active particle concentration than hitherto thought. When these 
results are considered in conjunction with the specific impeller power input results, it can be 
concluded that operating the agitated dissolution vessels with a higher solids concentration will lead 
to higher dissolution rate but with lower impeller specific power input or higher energy efficiency. 
Results from this work will provide a framework for achieving process intensification in industrial 
agitated solid-liquid systems and a further understanding of the design of solid-liquid agitated 
vessel handling high concentration solids. 
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NOMENCLATURE 
 
ap Solid-liquid interfacial area per unit volume, m-1 
A Constant 
b Constant 
B Baffled width, m 
C Off-bottom impeller clearance, m 
(Cv)eff Effective solids concentration, (v/v) 
(Cv)op Optimum solids concentration, (v/v) 
Ca Volume fraction of active particles, (v/v) 
Cs Saturation concentration of solute in the liquid phase, kgm-3 
Ct Concentration of benzoic acid in water at a given time, kgm-3 
C0 Initial concentration of benzoic acid in water, kgm-3 
D Impeller diameter, m 
DA Diffusion coefficient, m2/s 
dp Particle diameter, m 
d32 Sauter-mean particle diameter, m 
H Liquid height, m 
HB Sedimentation bed height, m 
ksl Solid-liquid mass transfer coefficient, m/s 
kslap Volumetric solid-liquid mass transfer coefficient, 1/s 
ma Mass of active particle, kg 
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ms Mass of total solids, kg 
Ma Mass fraction of active particles, (w/w) 
N Impeller rotational speed, rps 
Njs Just off-bottom impeller speed, rps 
Np Impeller power number 
P Power consumption, W 
Re Reynolds number 
S Constant 
T Tank diameter, m 
t Time, s 
Vs Volume of total solids in the vessel, m-3 
VT Volume of the slurry (solids and liquids) in the vessel, m-3 
Subscripts  
a Active particle  
js Just off-bottom suspension condition 
L Liquid 
s Solids 
SL Solid-liquid 
Greek symbols  τ Torque, N.m 
ηdispersion Viscosities of the dispersion, Pa.s 
ηsolvent Viscosities of  the solvent, Pa.s 
φ Volume fraction of solids in the dispersion 
φm Maximum volume fraction of solids that could be accommodated by the 
vessel 
ρ Density, kg/m3 
µ Viscosity, Pa.s 
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ε Energy dissipation rate, W/kg 
εjs Specific power at just off-bottom suspension condition, W/kg 
π Constant 
ν Kinematic viscosity, m2/s 
 
CHAPTER 1 INTRODUCTION 
 
 
1.1 Introduction of field of study 
 
Solid-liquid mixing in a mechanically agitated vessel is one of the most common unit operations in 
chemical industry. Many industrial designs are based on the knowledge of mass transfer process 
between suspended solids and fluids such as bio-reactor, slurry reactor, crystallisation and growth 
processes, dissolution processes, ion-exchange and polymeric processes. In all these operations, the 
process efficiency is influenced significantly by the rate of mass transfer between the solid and 
liquid phases. There have been many studies in the literature on solid-liquid mass transfer in 
agitated systems but most of them were involving low solids concentration. In such systems, solids 
concentration has a negligible effect on the fluid viscosity and the stability of the particles is 
generally not affected by the agitation. Processes that would have low solids concentration include 
dissolution, chemical reactions with catalysts, ion-exchange and adsorption, crystallization and 
precipitation, and slurry preparation. In all these cases, the fluid motion in the vessel is usually 
highly turbulent (Paul et al., 2004).  
 
Process Intensification (PI) is a new approach in process and plant design introduced by Ramshaw 
and his co-workers in 1970s. The main concept of process intensification is to develop novel 
equipment and techniques, as compared to the present ones, to bring dramatic improvements in 
manufacturing and processing, and decrease the energy consumption substantially. In mineral 
industry, there is a strong demand for intensifying the existing processes by which more materials 
can be processed with minimum energy consumption (Wu et al., 2010). For example, a mixing 
 16 
vessel used for leaching or adsorption is required to process more ore slurries without increasing the 
energy consumption in order to increase the raw material throughput. It is desired to achieve these 
objectives without varying the operating conditions and vessel geometry to a great extent. 
Therefore, it is desired to determine the optimum equipment geometry and operating conditions that 
will enable the industry to increase the throughput and achieve higher mass transfer efficiency at 
lower energy consumption.  
 
Dissolution and leaching processes are widely carried out in many industrial processes such as 
mineral leaching operations. The process goal in such operation is to achieve the maximum possible 
rate of dissolution or leaching using mechanical and thermal means such as agitation, heating and 
pressurisation (Harnby et al., 1997). It is always desirable for industry to intensify these processes 
by increasing the throughput or energy efficiency. However, increasing the throughput often means 
increasing the total solids concentration of these processes. Although many studies have been 
carried out to investigate the influence of these parameters on mass transfer rate, most of them 
involved low solids concentrations. Therefore, the effect of high solids concentration on solid-liquid 
mass transfer coefficient is not yet clear. In addition, at high solid loading (≥ 30%), the changes in 
the rheology of slurry could be substantial. Slurry viscosity could increase to a point that the flow 
regime within the vessel could change from turbulent to transition or transition to laminar. As a 
result, operating variables such as impeller power input can change markedly. This is especially true 
for systems containing multi-sized particulates. Most current studies on the topic of solid-liquid 
mixing in a mechanically agitated vessel involves mainly active particles (Brucato et al., 2010, 
Kiełbus-Rąpała and Karcz, 2010). Therefore it is also desirable to understand the effect of 
interactions between both the inert and active particles on solid-liquid mass transfer systems.  
 
This study will provide a further understanding of the design of solid-liquid agitated vessels 
handling high concentration solids, especially in dissolution and leaching processes. The results of 
this study will be beneficial for improving impeller energy efficiency and understanding the effect 
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of active and inert particle interaction on solid-liquid mass transfer coefficient value. In addition, 
the findings of this study will assist in determining the optimum operating condition and geometry 
configuration for mixing vessels handling high concentration solids and improving the energy 
consumption for such vessels.   
 
1.2 Objective of this research  
 
The primary objective of this research is to study the effect of solids concentration and active 
particle mass fraction on mass transfer in a solid-liquid (dissolution) system and determine the 
optimum solids volume fraction and operating conditions that will help to achieve higher mass 
transfer efficiency at higher solids concentration than hitherto used (> 5% v/v). Firstly, experiments 
will be carried out to determine the mass transfer coefficient in solid-liquid (dissolution) systems 
using a range of solids concentration. For each solids concentration, the composition of the solids 
will be varied by varying the ratio of active and inert solids (or active particle mass fraction, Ma). In 
addition to solid-liquid mass transfer co-efficient, impeller specific power input will be measured 
for each experimental conditions used. Experiments will be carried out using baffled and unbaffled 
conditions, and different impeller types.  
 
The objectives of this work are:  
• To understand the effect of solids loading on solid-liquid mass transfer coefficient in an 
agitated solid-liquid (dissolution) system at various solids concentrations (v/v). 
• To understand the effect of active particle mass fraction on mass transfer coefficient at 
various solids concentrations (v/v). 
• To investigate the relationship between solids loading, active particle mass fraction, solids 
concentration and solid-liquid mass transfer coefficient and determine the effective mass 
transfer solids concentration ((Cv)eff). 
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• To study the relationship between specific impeller power input and solid-liquid mass 
transfer coefficient and therefore, identify the optimum operating conditions for solid-liquid 
(dissolution) mixing system in terms of energy consumption. 
 
 
 
 
1.3 Organisation of the thesis 
 
The thesis is organised as follows: 
 
Chapter 2: Literature review 
 
In this chapter, literature review of the thesis will be presented based on the previous studies. It also 
covers various methods for data collection. 
 
Chapter 3: Experimental setup 
 
In this chapter, experimental set-up and drawing will be discussed and slurry properties will be 
given. A detailed description of measuring techniques and procedure will also be given. 
 
Chapter 4:  Results and discussion: Impeller power consumption in solid-liquid agitated system 
 
In this chapter, the effect of solid concentration on solids suspension will be studied. In essence, just 
off-bottom suspension speed (Njs) is the desired operating condition for the mixing system studied. 
Based on that, the effect of impeller type, solids concentrations and baffle arrangement on power 
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consumption will be studied. Optimum solids concentrations and operating conditions are presented 
and discussed for the systems that are studied.  
 
Chapter 5: Results and discussion: Solid-liquid mass transfer in mechanically agitated vessel  
 
This chapter discusses the experimental results of solid-liquid mass transfer coefficient as a function 
of impeller speed, solids loading, active particle mass fraction, impeller type and baffle arrangement. 
The effective solids concentrations are selected on the basis of both energy efficiency and effective 
mass transfer coefficient.  
 
Chapter 6: Conclusions and recommendations 
 
In this chapter, a summary of the findings and conclusions from this study will be presented. 
Recommendations are made for future work. 
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CHAPTER 2 LITERATURE REVIEW 
 
In this chapter, literature review of the thesis will be presented. The main contents of the chapter 
will be as follows: 
 
2.1 Introduction 
Solid-liquid mixing has been always an important aspect of chemical engineering operations. The 
study of solid-liquid mixing can be traced back to a few centuries. Nowadays, solid-liquid mixing in 
a mechanically agitated vessel is widely used in many industrial designs such as slurry reactors, 
crystallization processes, ion-exchange or polymeric processes, and dissolution and leaching 
processes. Fundamentally, to achieve effective solid-liquid mixing, two aspects have to be 
considered: 1) all particles in the mechanically agitated vessel must be suspended in an efficient 
manner. 2) solid-liquid mass transfer rate in the mechanically agitated vessel must be kept at a 
reasonable level. The following review will break into two parts; each part will discuss one of these 
two aspects, respectively.   
 
2.2 Particle Suspension in Mechanically Agitated Vessels 
Suspension of solids is generally required for two main purposes, promoting mass transfer between 
phases or ensuring uniform particle concentration in the fluid. Many industrial systems involve 
particle suspension. Few examples of such systems are: crystal slurries, ion-exchange resins, 
suspension with activated carbon, and mineral ores.  Typically, complete suspension is required in 
these systems. However, there are many definitions of complete suspension.  Zwietering (1958) 
proposed that complete suspension can be distinguished either as uniform suspension or just off-
bottom suspension. He also suggested that just off-bottom suspension speed (Njs) is the critical 
agitator speed for solids suspension.  This speed is defined as the speed that the agitator is operated 
at which no particle rests at the bottom of the vessel for no longer than two seconds. Many 
researchers have followed Zwietering’s work and discovered that below this critical agitator speed 
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the contact area between solids and liquid was not desirable for mass transfer process (Harriott, 
1962). Moreover, other research suggested that when operating above this critical speed, the rate of 
mass transfer increases very slowly and eventually will decrease (Oldshue, 1969).  Therefore, it is 
suggested that operating a system beyond Njs is not essential for both mass transfer and power 
consumption purposes.  
 
Mechanically agitated vessels have been used in industrial process for many different purposes. The 
main attribute of a mechanically agitated vessel is that the energy input provided by the agitator 
enhances both mass and energy transfer. Therefore, it is important to select the appropriate criteria 
of critical agitator speed for solid suspension. Oldshue (1969) suggested the following five criteria 
for characterising the different stages of solid suspension: 
1. Complete uniformity- when all particles are uniformly suspended throughout the tank 
2. Complete off-bottom suspension- when all particles move up off the bottom 
3. Complete motion on tank bottom- when all particles are suspended off the bottom and do not 
remain at rest. This is similar to Zwietering’s just off-bottom suspension speed definition.  
4. Filleting when a stationary or stagnant deposit of the solids at the tank bottom is permitted but 
no progressive build up of these deposits is allowed.  
5. Suspension height- the height in the tank up to which solids are suspended. 
 
Most of the time, complete uniformity is preferred for mass transfer but other criteria might be 
acceptable at different circumstances.  
 
In this section of the review an attempt has been made to review the various operating and 
geometrical parameters such as impeller type, impeller design, impeller clearance, baffles, particle 
size and solids loading that affect the critical agitator speed. This leads to the review of energy 
consumption in mechanically agitated vessels under different operating conditions. 
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2.2.1 Njs determination technique 
In the design of mechanically agitated vessels, it is essential to be able to determine NJS accurately. 
Any under-predicted or over-predicted NJS value can be detrimental for industrial processes. In an 
analysis given by Jafari et al., (Jafari et al., 2010) gold cyanidation process was used as an example. 
Under-predicting Njs value can reduce production profit from 20% to 60%. On the other hand, 10% 
to 100% over-predicted Njs value would lead to a $0.5M to $10.3M/year of additional energy cost. 
In addition, other external costs such maintenance and equipment installation should be considered 
as well. Therefore, the method of determining Njs should be carefully selected while designing 
solid-liquid mechanically agitated vessels. 
 
Most of the NJS characterisation techniques come from either semi-empirical or empirical studies 
using experimental methods. These techniques can usually be divided into either visual methods or 
non-visual methods. As mentioned above, Zwietering’s just off-bottom suspension speed 
observation method is one of the earliest visual techniques. This technique has been used 
extensively by other researchers (Armenante and Kirwan, 1989, Armenante et al., 1998). 
 
The main advantage of Zwietering’s method is simplicity. However, when suspended particle size 
is small, this method becomes unreliable as it is difficult to observe the small particles at the bottom 
of the tank under higher agitator speed. In addition, under high solids concentration, suspension at 
the bottom of the tank becomes less transparent, and this causes difficulty to observe particle 
movement at the bottom of the tank. Wu et al., (2009) also pointed out that a single particle (or a 
small quality) can remain stationary in the corners even at a very high agitator speed, and therefore 
it is meaningless to only rely on the status of a small amount of particles to determine NJS. To 
overcome the limitation of this method, other visual techniques have been developed.  
 
Einenkel and Mersmann (1977) suggested another visual method based on the visual observation of 
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the height of the interface between the slurry and the clear liquid. They defined NJS as the speed at 
which the height of the interface (from vessel base) is 90% of the total liquid height. In this method, 
relatively smaller particles sometimes may be suspended near the liquid surface before the larger 
particles being suspended off the tank bottom, and therefore, Kraume (1992) and Pandit (2005) 
commented that NJS measured by this method can be 20 – 25% higher than that predicted by 
Zwietering’s method. 
 
In this work, a method recommended by Wu et al. (2006) and Wu et al. (2010)  was used in the 
experiments. This method was based on the experimental technique proposed by Nikora and Hicks 
(1997). In this method, sedimentation bed height (HB) was measured with various agitation speeds, 
and NJS was defined as the speed at which the height of the settled bed is zero (i.e. HB = 0) and a 
further reduction in the impeller speed will give rise to a visible bed (i.e. HB > 0). The bed height, 
recorded as an average height of the fillet along the tank wall, was typically measured at a point in 
the middle of two consecutive baffles. The repeatability of the NJS measurement used in this method 
was found to be within ± 2%. This method has been demonstrated to be more reliable when 
investigating suspension behaviour under a high solids concentration condition (Wu et al., 2010) . 
 
For non-visual methods, different concepts have been used for characterizing Njs (Pandit, 2005) like 
variation of power consumption or mixing time (Raghava Rao et al., 1988), solid concentration 
change directly above the vessel bottom, ultrasonic beam reflection from the static layer of the solid 
on the vessel base, pressure change at the bottom of the vessel by Micale et al. (2002), and, recently, 
a novel technique based on gamma ray densitometry introduced by Jafari et al. (2010). In addition, 
the prediction of just suspended speed was a subject of few CFD studies (Czaplewski et al., 2009, 
Lesage, 2009, Lee et al., 2007), Panneerselvam et al. 2008). Lesage (2009) used CFD-assisted 
design approach to study the effectiveness of mixing tank geometrical configurations to suspend the 
particles. He developed a design heuristic that can be applied in process industries. Lee et al., (2007) 
used CFD simulation to study the effect of different parameters on just suspended speed in liquid-
 24 
solid and gas-liquid-solid systems. Their study covers solids loading up to 15% (wt/wt). Fletcher 
and Brown (2009) studied the influence of the choice of turbulence models on the prediction of NJS 
by means of commercial CFD codes. Kee and Tan (2002) presented a new CFD approach for 
predicting NJS and characterised the effects of D/T and C/T on NJS. Ochieng and Lewis (2006) 
provided qualitative and quantitative insights into solid suspension by simultaneous investigation by 
CFD and LDV. In their work, suspension studies were carried out in a nickel precipitation process 
and best simulation results were obtained for solids loading lower than 6%. 
 
It is important to note that there is a significant variance appears in the prediction of NJS and there is 
no correlation with universal validity. Bohnet and Niezmak (1980) calculated NJS using nine 
correlations to find that the reported values were in the range of -56% to +250% from their own 
value. Therefore, the determination of NJS is dependent upon different methods and researchers’ 
observations.  
  
2.2.2 Effect of Vessel Shape 
Most of the solid-liquid mechanically agitated vessels is flat-bottomed. Some studies were carried 
out on other design such as dish bottom vessel (Buurman et al. 1985). Some researchers studied the 
effect of tank bottom shape on solids suspension (Chudacek 1985,1986, Musil and Vlk 1978).  The 
geometry of the vessel, especially the vessel bottom shape, not only affects the location of dead 
zones and the regions that solids may accumulate but also influences the just off-bottom suspension 
speed that is required to suspend all solids off the bottom of the vessel. The main difference 
between flat bottom vessel and dish bottom vessel is where the solids settle. The formation of solids 
fillet is normally at the corner of baffles or near the tank wall for flat bottom tanks. For dish bottom 
vessel, solids tend to settle into the space between agitator and the bottom of the vessel. The just 
off-bottom suspension speed is typically 10 to 20% higher in a flat-bottom vessel than in a dished 
bottom one.  In this work, all experiments will be conducted in a flat-bottom vessel as it is the major 
vessel type used for industrial processes.  
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2.2.3 Effect of Impeller Type  
 
The impeller has a crucial role in mechanically agitated vessels. Correctly selecting a proper 
impeller that fits the requirement of solids suspension and operates at the minimum possible power 
consumption is essential for both technical and economic purposes of industrial processes. 
Generally, impellers can be classified as axial or radial flow impellers. Flow visualisation 
experiments suggested that flow pattern of axial and radial flow impellers are completely different 
(Bittorf and Kresta, 2000, Bittorf and Kresta, 2003, Kresta and Wood, 1993), Differences in flow 
pattern lead to different solid suspension mechanisms. 
 
For radial flow impellers, namely, disc turbine or Rushton turbine (RT), the impeller generates 
liquid flow that splits into two streams with radial direction movement. Each stream generates a 
circulation loop, one located above the impeller and the other located below the impeller. Therefore, 
only part of the energy generated by the impeller (the lower loop) is available for solids suspension. 
The lower circulation loop prompts particles to move toward the center of the vessel bottom and 
suspend them from an annulus around the center of the vessel bottom. This is caused by the liquid 
flow direction, which initially is near the wall opposite to the agitator and later changes to the 
bottom of the vessel around the wall.  
 
For axial flow impellers, such as pitched blade impellers (PBT), the impeller generates a liquid flow 
away from the bottom of the vessel and then pushes the liquid against the wall and leads the flow to 
move upwards. Eventually, the flow changes again and moves towards the bottom of the vessel and 
suspends the solids with this motion.  Down-flow impellers are more efficient than up-flow 
impellers since the liquid flow is generated and moved towards the bottom which is directly 
available for solids suspension.  
 
It is generally agreed that at relatively lower solids concentrations, the pitched-blade impellers 
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perform more efficiently than disc turbines, and the pitched turbine down-flow types consume less 
energy than pitched turbine up-flow impellers (Ibrahim and Nienow, 1996). However, in terms of 
systems operating under high solids concentration, Wu et al. (2002) suggested that based on power 
efficiency at high solids loading, radial impellers are superior to axial flow impellers to suspend 
solids. Both pitched turbine and radial impellers will be used in this study to validate the results of 
previous studies. 
 
2.2.4 Impeller Dimension/Geometry  
 
Jafari (2010) suggested that the critical impeller speed for off-bottom suspension often decreases 
with increasing impeller size at a constant tank diameter (Jafari et al., 2010). The most efficient 
application of the Rushton turbine is when large turbines are used for solid-liquid suspension 
(Nienow, 1968). Large impellers (D = T/2) provide stable operation compared to the smaller ones 
(D < T/3). Nienow and Miles (1978) studied the effect of different types of impellers on suspension 
efficiency.  In their study, the suspension efficiencies of disc turbine, basic paddle, and 45° pitched 
blade impeller were compared in vessels of diameter 0.143 and 0.286 m. They found that Rushton 
turbine and paddles have a better suspension efficiency than pitched blade impeller. In terms of the 
relationship between just off-bottom suspension speed and impeller diameter, Chapman and 
Morgan (1983) suggested it can be shown as follows for baffled tanks  
 
Njs ∝ D-2.45                                            (Eq.1) 
 
whereas Rai (1991) reported with agitators of 0.04, 0.06, 0.08, 0.10 and 0.12 m diameters, he found 
that Njs∝D-2.35. Zwietering (1958) found the exponent to be -1.67 whereas Gates et al. (1976) obtain 
a value of -1.16. It is assumed that the variation in the exponent is mainly due to the difference in 
each researcher’s experimental flow pattern from different sizes and types of impellers.  
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Impeller blade width also has a significant effect on solids suspension. It is known that an increase 
in impeller blade width will increase liquid circulation velocity and decrease mixing time in a 
mechanically agitated vessel.  This is due to the increases of both axial and radial flows in the 
vessel when blade width is increased. Although increase of axial flow improves solids suspension, 
increase of radial flow hampers solids suspension. In addition, it was found that the extent of 
increase in radial flow is more likely compared to the increase in axial flow. Therefore, it can be 
concluded that increase blade width does not necessarily decrease NJS (Oldshue, 1969). Raghav Rao 
et al. (1988) reported that the effect of blade width on NJS varies as the square root of blade width 
for (WB/D) less than 0.35.   Rai (Rai, 1991) found that NJS slightly increases when blade width 
increases, and the relation between the two was found as 	  	  
NJS ∝ W0.25                                                      	  (Eq.	  2)                            
 
In this work, blade width is kept as DT/12 which is the industry standard value. 
 
In terms of blade thickness, it was found while other design parameters are constant, increasing the 
blade thickness will lead to an increase the power consumption. Rewatkar et al. (1990) found that 
this increase in power may increase turbulence and hence reduces NJS slightly. They also obtain the 
relationship between blade width and NJS to be:  
 
NJS ∝ WB0.25                                                     	  (Eq.	  3) 
 
However, Rai (1991) found that there is no significant effect of blade thickness on NJS.  
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2.2.5 Effect of Baffles 
Baffles substantially decrease the tangential velocity component of flow thereby minimising radial 
separation.  If radial non-uniformity of the solids distribution is undesirable, the solids should be 
mixed in a baffled tank.  When particle density is less than that of the fluid (ps < pl), the use of 
agitated vessels without baffles, or their equivalent, is undesirable (Braginsky et al., 1996).  In a 
baffled tank, the minimum agitation intensity (or just suspended speed) required for off-bottom 
suspension is considerably lower than that for an unbaffled tank. 
 
For an unbaffled vessel, the impeller rotation in a low viscosity liquid imparts a tangential or 
swirling motion of the liquid often accompanied by surface vortex formation.  In the absence of 
baffles, this swirling motion approximates solid-body rotation with minimal mixing, resulting in 
poor distribution of solids. In an unbaffled tank, the minimum agitation intensity or just suspended 
speed required for off-bottom suspension is given by (Paul, 2004 ) 
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  4) 
where Njs is the rotational speed of the impeller at which off-bottom suspension of the solids is just 
attained, s is a proportionality constant which is a function of the impeller type (≡ shape), X is the 
solids mass fraction, Idiam is impeller diameter, dp is particle diameter, Ioff-bottom_clear is the impeller 
off-bottom clearance, ρl and ρs are density of the liquid and solid phases, respectively, Tdiam is the 
tank diameter, and ut is the terminal settling velocity of the particles; the exponents a, b, c, d, e, f , 
and g are functions of impeller and tank design which may also be affected by variations in the 
viscosity of the fluid and particle size.  
 
Although, the removal of baffles leads to an increase in mixing time, it is also a very effective way 
to drastically reduce the specific energy for suspending solids particles off the tank bottom (Wu et 
al., 2010). Wu et al. pointed out that the increased mixing time is not usually a problem since the 
time scale for reaction and the slurry residence time in some mineral processes can be much longer 
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than the mixing time. Typically, for example, in gold leaching processes, residence time 
requirements in practice vary from a few hours to several days, which are an order of magnitude 
longer than the mixing time, which is typically in minutes. (Wu et al., 2010) concluded that a 
superior way to improve energy efficiency is to remove the baffles for those tanks if the mixing rate 
is not critical in cases such as slurry-holding tanks or reactors where chemical reactions are slow. 
 
2.2.6 Effect of Solids Concentration 
 
Solids concentration is one of the main aspects that affect power consumption in solid-liquid 
mixing systems. It is known that by increasing the solids loading in an agitation vessel, throughput 
can be increased and subsequently the tank infrastructure can be more efficiently employed. 
However, as solids loading increases, a higher impeller speed is necessary to achieve the just-
suspended conditions. If there are more particles present at the base, more energy is required to 
suspend them. The just-suspended speed is related to the settling velocity of a particle, and the 
settling velocity is related to the concentration. Therefore, theoretically NJS changes with the solid 
concentration. Solid loading can be expected to influence the impeller performance by modifying 
the suspension viscosity, local density and/or vortex structure in the vicinity of the impeller blades. 
It is well known that in concentrated suspensions exhibiting non-Newtonian properties the 
circulation around the impeller blades changes drastically. 
 
At very high solids concentrations ( > 30%), the rheological effects of the particulates can be 
substantial. Viscosity may be increased to the point that the flow regime changes from turbulent to 
transition or transition to laminar.  As a result, operation variables (e.g. power input) can change 
markedly as well. This is especially true for systems containing multi-sized particles; the presence 
of a substantial concentration of fine particles can effectively increase the viscosity of the fluid. It is 
worthy to note that density of solids and solids volume fraction has an inverse relationship. 
However, the study of this phenomenon on the effect of solid-liquid mixing is out of the scope of 
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the current research.  Reiner (2000) notes that Einstein’s classic equation (Einstein, 1905) for the 
viscosity of suspensions, 
 
      
€ 
ηdispersion =ηsolvent 1+ 2.5cv( ),  (Eq.	  5) 
where ηdispersion and ηsolvent are the viscosities of the dispersion and the solvent, respectively, and Cv is 
the concentration of solids by volume. This equation is usually valid for solids concentrations up to 
about 3%.  In contrast, Landel et al. (1996) were able to account for the viscosity of slurries with 
volume fractions ranging from 0.35 to 0.8 by the following equation: 
      
€ 
ηdispersion
ηsolvent
= 1−φ φm( )
−2.5
,  (Eq.	  6) 
where φ and φm  are the volume fraction of solids in the dispersion and the maximum volume 
fraction of solids that could be accommodated by the vessel, respectively.  The apparent relative 
viscosity is a unique function of the relative volumetric loading and is independent of factors such 
as polarity of the medium or the surface condition or surface area of the particles. Although a 
number of derivative equations on the influence of particle concentration on viscosity have been 
published since Einstein’s 1905 doctoral thesis, few, if any, consider the effect of volume fraction 
of the solids in conjunction with particle size. (Sutton and Sherman, 1965)  
 
In industry, it is difficult to operate the slurry mixing tank at an extremely high concentration since 
the power input at the just-off-bottom solids suspension condition increases exponentially as the 
concentration approaches the solids volume-packing coefficient (Cvb)(Drewer et al., 2000); an upper 
limit of Cv, that is practically achievable, was found to be between 0.50 – 0.55 for a typical packing 
coefficient ranging from 0.55 to 0.60 (Wu et al., 2007). Wu et al. (2006) also pointed out that in the 
region of Cv/Cvb > 0.9, bogging of the agitator would eventually occur due to the excessively high 
power consumption. 
 
2.3 Solid-liquid Mass Transfer in Mechanically Agitated Vessel 
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Many industrial processes such as adsorption, crystallization, dissolution of solids in agitated 
vessels and ion exchange, often involve mass transfer at the surface of solid particles dispersed in a 
continuous phase. Mass transfer usually can be characterised both from a microscopic (molecular or 
interfacial) and a macroscopic (bulk) perspective. The study of the rate of chemical changes and the 
interfacial area changes is microscopic and the study of physical mass transfer is macroscopic. In 
this section, only macroscopic aspects of mass transfer will be discussed. 
 
In an agitated system, there are many parameters that can influence mass transfer. In terms of 
external parameters, vessel geometry, nature and number of baffles, agitator design and speed of 
rotation can all impact mass transfer. In terms of the solid-liquid system itself, parameters such as 
liquid density and viscosity, diffusion coefficient and shape, size and density of particles can affect 
mass transfer as well. In addition, hydrodynamics of the flow and the character of motion of 
particles also can influence mass transfer. Therefore, it is quite difficult to conduct the mathematical 
analysis on agitated solid-liquid systems (Pandit, 2005). The design criteria for industry are mostly 
based on experimental data. Many experimental studies on mass transfer in agitated liquid-solid 
systems have been reported in the literature (Boon-Long et al., 1978, Harriott, 1962, Lal et al., 1988, 
Levins and Glastonb.Jr, 1972, Miller, 1971, Nienow, 1975). These investigators cover both 
Newtonian and non-Newtonian fluids. The reported results are often conflicting and contradictory. 
There is no reliable general correlation of mass transfer coefficients applicable to both Newtonian 
and non-Newtonian systems. The available correlations can be used to predict mass transfer 
coefficients only under conditions similar to those used for their development. 
 
The complex nature of flow pattern and involvement of several variables make the agitated vessel 
unique. The agitation generated flow produces constantly fluctuating velocities which depend upon 
the type of agitator and permit the measurement of only an average transfer coefficient for the 
systems. The operating variables also interact with each other and make it more difficult to 
determine the effect of each variable on the mass transfer coefficient. Incomplete suspension of 
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particles and geometric conditions of the systems also affect the mass transfer coefficient. All these 
factors ultimately lead to a high degree of deviation between the experimental and calculated mass 
transfer coefficients. Therefore modelling mass transfer in an agitated vessel is mainly under lab 
scale. Most of the literature that focus on mass transfer considers only the low solids concentration 
(< 2%). However, in industrial applications, most of the processes are operated under high solids 
concentration. For example, most of the ore process vessels have large amount of inert particles and 
the total solids concentration in the agitated vessel is very high (>15%). Detailed studies of high 
solids concentration mass transfer in mechanically agitated vessels are very limited. In this section, 
a brief review of different parameters that affect mass transfer and previous studies of mass transfer 
under high solids concentration will be presented. 
 
2.3.1 Effect of Impeller Type 
As mentioned above, agitators used are normally classified either as axial flow (up or down) or 
radial flow types (Sterbacek and Tausk, 1963, Uhl and Gray, 1986). They not only change the flow 
pattern but also affect the minimum speed required for complete suspension of particles (Baldi et al., 
1978; Zwietering, 1958, Raghav Rao et al., 1988). The concept of power input per unit mass, 
however, helps in taking the effect of agitator type into account quite effectively (Harriott, 1962; 
Levins and Glastonbury, 1972). Doraiswamy (1984) recommended the use of agitators whose 
diameters were 0.5 - 0.6 times the diameter of the tank. Larger agitators with a small clearance from 
the bottom of the vessel consume less power than other configurations. Achievement of the desired 
mass transfer coefficient at lowest power consumption guides the selection of agitator design. 
According to Doraiswamy (1984), the use of 45° pitched turbine or propeller is to be preferred. 
 
The thickness and width of the blades are likely to influence the flow pattern to some extent and 
hence the mass transfer coefficient. According to Nagata (1975), the optimum blade width to vessel 
diameter ratio for paddle and turbine agitators should be between 0.1 and 0.2. Lal (1988) observed a 
very mild effect of this ratio in the range of 0.09 to 0.17. They also observed an insignificant effect 
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of the number of blades on the mass transfer coefficient in the regime in which the particles were 
fully suspended. Under this regime mass transfer coefficient increases slowly with the increase in 
the number of blades. 
 
Nienow and Miles (1978) studied the effect of impeller type on solid-liquid mass transfer 
coefficient. They found that the mass transfer coefficient for a radial flow impeller is greater than 
that for an axial flow impeller at a constant impeller speed. However, when the solids in the vessel 
are fully suspended, they found that the mass transfer is a constant regardless of impeller type used. 
Doraiswamy (1984) found that 45°pitched blade turbine provides desired mass transfer coefficient 
values with great impeller power efficiency.  
 
2.3.2 Effect of Impeller Design 
 
In the literature, all work showed that mass transfer coefficient increases with increasing agitator 
diameter. It varied directly as Ds0.206 to Ds1.666 where Ds is the impeller diameter. The effect of 
agitator size mostly is represented by the ratio (Ds/DT) for comparison purposes. Barker and Treybal 
(1960) reported that (Ds/DT) ratio did not have a significant effect on mass transfer coefficient. 
Other studies, however, contradict this observation (Harriott, 1962; Levins and Glastonbury, 1972; 
Lal et al, 1988). Harriott (1962) and Levins and Glastonbury (1972) showed that for a constant 
power input, the mass transfer coefficient increases with (Ds/DT) and the power input decreases as 
(Ds/DT) increases. This ratio also affects the ability to affect full suspension of particles which 
decreases as the (Ds/DT) ratio increases (Nienow, 1969). The optimum (Ds/DT) ratio is a weak 
function of agitator blade width, blade angle, number of blades and phase density difference (ρp - ρ) 
and is independent of agitator position; shape of vessel bottom, however, has a profound effect on it 
(Nagata, 1975). 
 
Agitator position affects both the flow pattern and the power requirement. For (Hs/DT) equal to 1, 
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Chapman and Morgan (1983) recommended that the standard agitator position should be between 
1/3 and 1/2 of tank diameter. For effective mass transfer it is desirable that total particle surface area 
should be available for transfer. To ensure this, the agitator must be located at a level that causes all 
particles to be fully suspended. As long as the maximum degree of homogeneity is attained, agitator 
height has no effect on the mass transfer coefficient (Harriott, 1962; Levins and Glastonbury, 1972; 
Lal et al.. 1988). 
 
2.3.3 Effect of Baffles 
 
Use of baffles for suppressing the formation of vortices in a rapidly stirred vessel also gives better 
mixing (Nagata et al., 1960; Sterbacek and Tausk, 1965). The increase in vortices can affect the 
mass transfer coefficient. Levins and Glastonbury (1972) reported that for unbaffled tanks, the 
effect of stirrer speed on the coefficient was generally less pronounced than in baffled vessels. In 
the case of incomplete or partial suspension of particles, unbaffled vessels give higher coefficients 
whereas for fully suspended particles, baffled vessels give higher coefficients (Barker and Treybal, 
1968; Harriott, 1962). With the use of the power input per unit mass concept to correlate the data, 
the difference between the results of baffled and unbaffled vessels vanishes (Harriott, 1962; Levins 
and Glastonbury, 1972a; Lal et al., 1988). In addition, Harriott (1962) found that when solids are 
partially suspended at low impeller speeds, unbaffled tanks leads to the higher mass transfer 
coefficient compared to baffled tanks.  
 
2.3.4 Effect of Agitator Speed  
 
Most of the literature reported that mass transfer coefficient increases with agitator speed (Barker 
and Treybal, 1960; Brian et al, 1969; Harriott, 1962; Hixson and Baum, 1941; Levins and 
Glastonbury, 1972; Miller, 1964; 1971; Nagata, 1958; 1960; Nienow, 1969). The effect of agitator 
speed on mass transfer decreases as particle size decreases (Harriott, 1962; Levins and Glastonbury, 
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1972). Depending upon the agitator speed and particle size range covered, the exponent of agitator 
speed is reported to vary from 0.35 to 1.4 (Table 2.2). All workers except Mack and Marriner (1949) 
have observed an increase in mass transfer coefficient with increasing speed. 
 
At low rotational speeds, the mass transfer coefficient shows either no or a very weak dependency 
on the speed of agitation. Beyond a certain agitation speed, it increases more rapidly with increasing 
agitator speed. Further increase in the agitator speed beyond a second critical value, the effect of 
agitation on the mass transfer coefficient becomes less pronounced. The entire range may be 
approximated by a set of three lines corresponding to these three different flow regimes suggested 
by Lal et al. (1975, 1988) and Rai (1991). The relationship between the mass transfer coefficient 
and rotational speed in the three regimes can be expressed as:  
 
kc∝ Nm	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (Eq.	  7)	  
 
When the agitator shaft is vertical and centrally located in the vessel, at low agitation speeds the 
radial and tangential components cause a laminar flow circulation with negligible or no longitudinal 
flow. If solid particles are present in the vessel, they do not leave the bottom of the vessel but rotate 
or roll in the direction of agitation and concentrate at the centre of the vessel at the bottom or spread 
near the periphery of the bottom. The mass transfer coefficient in this region (Regime I) shows a 
relatively weaker dependency on the rotational speed (Nagata, 1975; Nienow. 1968; Lal et al.., 
1988; Rai, 1991). The exponent m on N in Eq. 7 has varied from zero to 0.33. 
 
At higher rotational speeds, the radial and longitudinal flows dominate. In this region, there is a 
central cylindrical or toroidal fluid mass which rotates in the direction of agitation and particles 
begin to become suspended in this region. The exponent m varies from 0.5 to 1.5 (Regime II). The 
value reported by most of the workers is however very close to 2/3 (Levins and Glastonbury, 1972a, 
b; Lal et al., 1988; Nienow, 1968; Rai, 1991, etc.). At further higher rotational speeds, the radial 
and longitudinal components become much more pronounced. All the particles become fully 
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suspended and dispersed in the agitated fluid mass. There is intense mixing of the fluid and particles, 
and the flow is fully turbulent (Regime III). The rotational speed has a much diminished influence 
on the mass transfer rate (Jones and Smith, 1962; Nagata, 1975; Azbel, 1981; Lal et al., 1988). 
Azbel (1981), Lal et al. (1988), and Nagata (1975) showed that for highly turbulent flow situations, 
as persisting in this regime, the exponent m should be between 0.2 and 0.25. The agitator speed 
corresponding to the point of transition from regime II to regime III can be taken as the critical 
agitation speed for full suspension of particles. This was also supported by visual observations. 
Nagata et al. (1953) and Einenkel and Mersmann (1977) also used dissolution data to evaluate 
critical suspension speed and reported similar regimes (Regimes Π and III). Rai (1991) also noted 
that there is a negligible or no difference between the mass transfer coefficient versus agitator speed 
curves for baffled and unbaffled vessels. 
 
2.3.5 Effect of Solids Concentration 
 
As mentioned above, the information regarding the effect of solids concentration on mass transfer is 
quite limited. Most studies are for particle concentrations less than one per cent by volume. Barker 
and Treybal (I960), however, reported that up to 10 per cent by volume, solids concentration has no 
effect on the mass transfer coefficient. Harriott (1962), Iha and Raja Rao (1969), Lal et al (1988) 
also made similar observations (Fig. 2.8). Sterbacek and Tausk (1965) reported that mass transfer 
coefficient decreases with an increase in solids concentration. Harriott (1962) and Brian et al. (1969) 
attempted to predict the effect of solids concentration and both arrived at the conclusion that mass 
transfer coefficient would increase with increasing solids concentration at low solids concentration. 
They assumed the particles to be surrounded by a spherical volume of fluid. Brian et al. (1969) also 
tried another model which simplified the flow around the particles by assuming the velocity profile 
to be identical to that developed in the steady flow past a single sphere in an infinite medium. The 
model also resulted in the increasing coefficient with an increase in the concentration of solids. 
Harriott (1962) also tried to verify this experimentally at higher concentration (30%) but his results 
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showed no definite trend. Bruce et al. (1978) used  a solids concentration range of 0.5 - 40% by 
volume and showed that the mass transfer coefficient decreases with increasing solids concentration. 
However, Bruce’s work is measuring solids concentration at the same agitator speed, therefore at 
high solids concentration, solids may not be fully suspended. Also, since agitator speed was kept 
constant, Bruce et al. (1978) did not observe any systematic effect of solids concentration on power 
requirement. These observations are thus contrary to the observations and conclusions of Harriott 
(1962) and Brian et al. (1969). 
 
2.3.6 Effect of Mass fraction of Active or Inert Particles  
 
Most of the literature that focuses on the effect of solids concentrations on mass transfer has only 
active particles, which means the total population of solids can all be dissolved or absorbed by the 
continuous phase. On the other hand, nearly all the literature that focuses on the effect of solids 
concentration on solids suspension has only inert particles which do not dissolve or absorb by the 
liquid. However, in the industry, most of the time there are multiple particles in the mixing process. 
Examples inclue the catalysis used in pharmaceutical manufacturing, and the soil and clay that 
contains minerals in the mineral processing industry. In most of these applications, industry found 
that the fraction of inert particles in a mixing vessel can influence mass transfer (Tran et al., 1992). 
Therefore, it is useful to know the effect of mass fraction of inert particles on mass transfer in 
mechanically agitated vessels. Although there is little literature on the effect of mass fraction of 
inert particles on mass transfer, some research has been done in fluidised beds. Yang and Renken 
(1998) studied the influence of inert particles on mass transfer in a fluidised bed and found that 
mass transfer increases with an increase in the fraction of inert particles. Singha and Sarkar (2012) 
had similar results. Many researchers have reported the effect of inert particles on liquid-gas mass 
transfer. It was generally agreed that an increase in mass fraction of inert particles will hinder the 
mass transfer from liquid to gas and gas to liquid (Ozkan et al., 2000).  Since many mineral 
processing operations only involve the mass transfer between solid and liquid, it is important to 
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study the effect of inert particle mass fraction on solid-liquid mass transfer in mechanically agitated 
vessels. 
 
2.4 Conclusion 
In conclusion, there is an extensive amount of studies that focuses both on particle suspension and 
mass transfer in mechanical agitated vessels for solid-liquid mixing systems. However, the results 
of these studies vary greatly with vessel geometry and operating conditions. In addition, it was 
found that most of the literature that focuses on solid-liquid mass transfer considers only low solids 
concentrations (< 2% v/v). However, most of the processes in industrial applications are operated 
under high solids concentration. Detailed studies of mass transfer with high solids concentration in 
mechanically agitated vessels are very limited. This leads to the current study. 
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CHAPTER 3 EXPERIMENTAL  
 
3.1 Introduction 
This chapter provides an overview of the equipment and experimental techniques that were used in 
this study. Firstly, design parameters such as the geometry of the mixing vessel, and impeller type 
are described. This is followed by a description of the experimental setup. Thirdly, the selection and 
properties of the solid-liquid model system used in this work are discussed. Finally, measuring 
techniques used in the determination of just off-bottom suspension impeller speed and solid-liquid 
mass transfer coefficient are discussed.  
 
3.2 Experimental set-up 
Schematic diagram of the experimental setup used in this work is shown in Figure 3.1. All 
experiments were conducted in a cylindrical, flat bottom, top-open, perspex vessel with 0.20 m (T) 
diameter. Some studies showed that mixing vessels with dished bottom are good for solids 
suspension and have lower just-off bottom suspension impeller speed (Buurman et al. 1985). 
However, the flat bottom vessel was chosen in this work because it is easier to fabricate. Moreover, 
flat bottom vessels are more commonly used in industry. The cylindrical vessel was located inside a 
square outer perspex tank. The space between the square and the cylindrical tanks was filled with 
water so as to prevent the optical distortion produced due to the curvature of cylindrical tank during 
flow visualization experiments. Tank size was chosen so as to compare the results from this study to 
those of Wang et al., (2010).   
 
Impellers used in this experiment were a 6-bladed Rushton turbine and a 45°pitched 6-blade 
impeller. Both impellers had a diameter (D) of T/3 (6.67cm). The impeller was located at the axis of 
the tank and impeller off-bottom clearance (C) was maintained at T/4 (5cm) so as to minimise the 
impeller power input required for just off-bottoms solids suspension (Levins and Glastonb, 1972; 
Nienow and Miles 1978; Nienow and Bujalski, 2002). 
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3.3 Impeller speed and power input 
Impellers used in this work were operated by an electric motor (Heidolph RzR-2102) and their 
speed was varied using the controller available on the motor. The impeller speed was read from the 
motor display. Impeller power input (W) was determined by measuring the torque experienced by 
the impeller shaft and using the following equation: 
 
           τπNP 2=                                             (1) 
 
 
where N is the impeller speed (rps) and τ is the impeller torque (N.m). A torque transducer (Burster 
Series-NR) attached to the impeller shaft was used to measure the torque. Voltage signals from the 
torque transducer was converted into digital signals by an A/D converter and sent to a computer for 
data logging.  
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Fig.3.1: Schematic diagram of the experimental setup, T = 0.2 m. 
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3.4 Solid-liquid mass transfer system 
 
3.4.1 Solid-liquid system   
Tap water and spherical glass particles were used as the liquid and solid phases, respectively in this 
work. Benzoic acid was chosen as the solute that is transferred from the solid to liquid phase in 
mass transfer experiments. Benzoic acid is frequently used in mass transfer studies because it 
readily dissolves in water and its concentration can easily be measured using the conductivity of the 
solution.  
 
To simulate the dissolution process that occurs in mineral processing operations where mass is 
transferred from ore particles to the liquid phase, a model system involving glass particles coated 
with benzoic acid and water was chosen in this work. Spherical glass particles used in this work 
were supplied by Potters Industries (Grade B). Laboratory grade benzoic acid was used in the 
coating process. Details of benzoic acid and glass particles are shown in Table 3.1.  
 
3.4.2 Active and inert particles 
Coating of glass particles with benzoic acid involved melting of the benzoic acid particles at 120ºC 
and soaking the glass particles in the molten acid. The slurry containing glass particles and benzoic 
acid solution was then cooled to room temperature under constant stirring. This process was 
repeated with the same batch of glass particles until about 90% of glass particles were coated. The 
mass of the glass particles was measured before and after the coating to determine the mass of 
benzoic acid present in the coating. Similarly, Sauter–mean diameter (d32) of the particles before 
and after the coating was determined from particle size distribution data obtained using the Malvern 
particle size analyser (2400E) to find out the change in d32 due to coating. In mass transfer 
experiments, coated (active) glass particles were mixed with inert (uncoated) glass particles and 
used. The mass fractions of active particles (Ma) were varied over a range of 0.03 to 0.1. The mass 
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fractions of active particles (Ma) were varied over a range of 0.03 to 0.1. This range was chosen due 
to the limited coating that can be achieved for these particles during the manual coating process.    
 
Table 3.1: Particle properties 
Substance Sauter mean particle 
diameter 
d32(µm) 
Standard deviation 
(µm) 
Density 
3−kgm  
Benzoic acid particles 320 69 1270 
Uncoated glass 
particles 
350 76 2500 
Coated glass particles 355 77 2500 
 
3.5 Measurement techniques and procedure 
First of all, this section explains the measurement procedure used in determining the critical 
impeller speed for just off-bottom suspension (Njs). Secondly, impeller power and specific impeller 
power measurements are described. Lastly, the measurement of solid-liquid mass transfer 
coefficient is discussed. 
 
3.5.1 Impeller speed for just off-bottom suspension (Njs) 
In most of the studies on solids suspension in agitated vessels, impeller speed required to achieve 
just off-bottom suspension was determined using the criterion proposed by Zwietering (Zwietering, 
1958). According to this criterion, the just-off-bottom suspension is the condition at which no solids 
remain stationary at the tank bottom for more than 1–2 s. This criterion is not useful for suspensions 
with high solids concentration because it is possible for a small proportion of particle to remain 
stagnant in tank bottom corners and not being suspended. To achieve the suspension of these 
particles, the impeller speed needs to be increased significantly without any consequential benefit in 
terms of mass transfer or reaction conversion (Wu et al, 2006). Therefore an alternative approach 
proposed by Wu et al was used in this work. This approach involves using sedimentation bed height 
(HB) at the tank bottom for Njs determination. According to this method, Njs is the impeller speed at 
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which the sedimentation bed disappears (HB = 0).  To determine Njs in our experiments, the impeller 
speed was increased initially to a sufficiently high value until a uniform suspension was achieved. 
Impeller speed was then decreased gradually until a thin settled solid bed appears at the tank 
bottom. The impeller speed was then increased slightly until the solid bed disappears. The speed at 
which the solid bed disappears was designated as Njs. This method was tested many times for 
reproducibility and Njs was found to vary by ± 2 to 3 rpm. 
 
3.5.2 Specific Impeller Power Input at Njs (= ε js) 
Specific impeller power input (εjs) in this work was determined according to the following equation:  
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js
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N
M
P τπ
ε
2
==                                     (2) 
 
where Pjs is the impeller power input at Njs and Ms is the mass of solids suspended. This definition 
of εjs was proposed by Drewer et al (2001) on the consideration that the rate of mass transfer in 
solid-liquid systems is independent of vessel volume and dependent only on the surface area and 
mass of particles at Njs. Further increase in specific power input or impeller speed will not increase 
the solid-liquid interfacial area any further and therefore unnecessary. Based on this consideration, 
specific impeller power input was determined according to equation (2) and used throughout in this 
work. However it should be noted that this measure is not applicable for systems requiring 
homogenous suspension.  
 
3.5.3 Solid-liquid mass transfer coefficient measurement 
Diffusional mass transfer from suspended solids was measured using the dissolution of benzoic acid 
from the coated glass particle in water. Noyes and Whitney (1987) proposed the following equation 
which relates the rate of solute concentration change in the liquid phase to the solid-liquid mass 
transfer coefficient ksl. 
                  )( CCak
dt
dC
spsl −−=                               (3) 
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where ksl (ms-1) is the solid-liquid mass transfer coefficient and ap (m2/m3) is the solid-liquid 
interfacial area, Cs (kgm-3) is the saturation concentration of solute in the liquid phase and C (kgm-3) 
is the concentration of solute in the liquid phase. The product of ksl and ap is the volumetric solid-
liquid mass transfer coefficient kslap (s-1). On integrating equation (3) with respect to time, the 
following equation is obtained: 
               
0
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−
=−                                   (4) 
Ct (kgm-3) represents the concentration of benzoic acid in water at a given time t(s) and C0 (kgm-3) is 
the initial concentration of benzoic acid in water, in this case it is close to zero. When the benzoic 
acid concentration (
0CC
CC
s
ts
−
− ) is plotted against time on a logarithmic graph, a straight line is 
obtained. Mass transfer rate constant kslap is then found from the slope of the straight line.  
 
Concentration of benzoic acid in water was determined by measuring the conductivity of water. 
This was achieved using an electrical conductivity meter (HACH, sensionTM 40d). Conductivity of 
benzoic acid solution varies linearly with benzoic acid concentration in water. A calibrated 
conductivity meter was used in our experiments to measure the changes in benzoic acid 
concentration. The temperature of the solid-liquid system was maintained at 25ºC in all experiments.  
 
To determine the mass transfer coefficient ksl from kslap, interfacial area ap is required. It was 
determined using the following equation: 
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where (d32)a and Ca are the Sauter-mean particle diameter and volume fraction of active particles 
(coated glass particles) in the slurry. The volume fraction of active particles Ca in total solids was 
determined using the following equation:            
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where Cv is the volume fraction of total solids in the slurry (v/v) and Ma is the mass fraction of 
active particles in total solids (= mass of active particles/mass of total solids), Vs and VT are the 
volume of solid particles and total slurry volume respectively, and ma and ms are the mass of active 
particle and total solids respectively. ρs is the density of total solids. Since active particles are 
coated inert particle, the density of both particles is the same. Substituting for Ca from equation (6) 
in equation (5), we get 
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=                                             (7) 
 
Table 3.2 is a list of the solid-liquid interfacial area per unit of liquid at various solids 
concentrations for an active particle mass fraction of Ma= 0.03. Tables of other active particle mass 
fraction are listed in the appendix.  
 
Table 3.2 Solid-liquid interfacial area per unit volume of liquid Cv= 0.01 – 0.30 (v/v), Ma= 0.03 
Cv (v/v) ap (m-1) 
0.01 5.14 
0.03 15.42 
0.05 25.71 
0.10 51.42 
0.15 77.14 
0.20 102.85 
0.25 128.57 
0.30 154.28 
 
 
 
 
3.6 Error analysis 
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There were a few constraints in this work which may have led to some errors. First of all, as 
mentioned before in Chapter 2, Njs is a subjective measure that might vary within a small range. 
The Njs determination method is quite acute at low solids concentration. However, at high solids 
concentration, slurry become less transparent and more difficult to use the 1-2 seconds off bottom 
suspension criteria from Zwietering. 
 
Secondly, the coating process can be quite challenging. In order to ensure the coating is even, the 
process of coating active particles on inert glass particles is repeated several times. It was found that 
at a certain temperature of 175 °𝐶 and 15 mins of constant stirring, 90% of the particles are fully 
coated (This 90% figure was found by counting the coated particles that are fully coated out from 
the selection of exactly 100 total particles, and this examination was repeated 15 times to ensure the 
accuracy). Calculations from this work were adjusted accordingly from this error. 
 
Lastly, conductivity variation within the fluid is another major challenge. There are several studies 
on this topic (Faber, 1966, Khang and Levenspiel, 1976). The findings of these studies have no 
conclusive results to measure the conductivity. In this study, two conductivity probes were used 
simultaneously at two different locations. No significant difference in the solids concentration was 
found between these two locations. Therefore, it is assumed the conductivity measured at these 
locations to be consistent at different solids concentration.       
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CHAPTER 4 RESULTS AND DISCUSSION 
IMPELLER POWER CONSUMPTION IN SOLID-LIQUID AGITATED SYSTEM 
 
4.1 Introduction 
 
Studies on solids suspension and impeller energy consumption can be traced back to 1950 when 
Zwietering correlated the just off-bottom suspension speed with impeller geometric configurations, 
and various solid and liquid properties. Recently, researchers have shown that using an appropriate 
impeller can sufficiently improve energy efficiency for solid-liquid suspension systems (Kasat and 
Pandit, 2005). In addition, some researchers found that removal of baffles substantially reduces 
specific impeller power consumption for off-bottom suspension of solids (Wu et al., 2010; Wang et 
al., 2012). On the other hand, the relationship between specific impeller power input (εjs) and solids 
suspension speed is relatively new. Drewer et al (2000) proposed ε on the basis that the rate of mass 
transfer in solid-liquid systems is independent of vessel volume and dependent only on the surface 
area and mass of particles at Njs. Further increases in specific power input or impeller speed will not 
increase the solid-liquid interfacial area any further and is therefore unnecessary. ε is calculated as 
impeller power input at Njs per unit mass of solids suspended (εjs=Pjs/Ms). Moreover, Drewer et al. 
Found that εjs tends to decrease with an increase in solids concentration, reaches a minimum value, 
and then increases.  This leads to an assumption that as solids concentration increases, the effective 
power consumption might be reduced. In Drewer’s report, εjs reaches a minimum value when solids 
concentration is around 0.30 (v/v). This optimum solids concentration proposed by Drewer et al. 
reveals the operating condition where, with appropriate impeller and solids concentrations, 
optimum energy consumption can be achieved within a solid-liquid suspension system.  
 
Traditionally, specific impeller power at Njs is calculated as power input per unit of liquid volume 
(Pjs/V). εjs is a modified specific impeller power input at Njs in relation to the total solid mass. This 
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modification was done due to the study of mass transfer in the solid-liquid system in this work and 
it is reasonable since the mass transfer rate is controlled by the solid-liquid contact surface area 
when the system is operating at just off-bottom solids suspension. Therefore, the specific impeller 
power input εjs in this work is calculated as was done by Drewer et al. In addition, the εjs value will 
be used to evaluate impeller power efficiency throughout this thesis.  
 
This chapter studies the effect of impeller type, solids concentration CV, and baffle removal on εjs. 
The result presented in this chapter will determine the optimum operating condition and solids 
concentration for the solid-liquid system used in this work.  
 
4.2 Results and discussion 
 
4.2.1 Effect of solids concentration on specific impeller power consumption  
 
Many researchers in the past have studied the relationship between impeller power consumption 
and slurry volume. In this case, solids concentration is defined as solids loading as all the solids are 
inert particles. Zwietering (1958) and Bohnet and Niesmak (1980) reported that the agitator speed 
required for the suspension of particles increases with an increase in solids loading. Therefore, they 
concluded that impeller power consumption in terms of slurry volume (Pjs/V) increases as solids 
loading increases.  Figure 4.1 is a plot of impeller power at Njs per unit slurry volume versus solids 
concentration Cv for Rushton turbine. It is interesting to note that there is a sharp increase in power 
consumption after 25% (v/v) solids loading, which could be due to the combined effect of 
decreasing liquid volume and increasing solids loading which leads to a critical point in terms of 
power consumption. The result shows that increasing solids loading increases power consumption 
per unit volume of slurry which agrees with Zwietering’s and Bohnet and Niesmak’s results. 
However, Einenkel (1980) and Pavlushenko et al (1957) found that impeller speed required for 
suspension increases first with increasing solids content, then from about 15% the speed no longer 
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depends upon the volume fraction of solids. In their work, the (Pjs/V) value becomes flat after Cv 
reaches 15%.  
 
Figure 4.1 Power consumption (Pjs/V) as a function of solid concentration Cv in a baffled tank.  
Impeller: Rushton turbine.  
 
More recently, Wang et al (2012) and Drewer et al (2000) interpreted impeller power consumption 
in terms of per unit mass of solids suspend (εjs) instead of volume fraction (Pjs/V). The specific 
impeller power consumption in this work is calculated as εjs which represents the impeller energy 
efficiency, and therefore higher εjs values indicate lower impeller energy efficiency.  
 
Figure 4.2 is a plot between εjs and Cv in a baffled tank for Rushton turbine impeller. It is clear that 
εjs decreases with an increase in Cv until a critical value and then begins to increase thereafter. This 
result is consistent with the results reported by Wang et al., (2012). 
 
In Figure 4.2, the relationship between εjs and Cv is found to be a ‘U-shaped’ curve where the 
minimum εjs value is around 0.25 (v/v). This minimum εjs value represents the operating condition 
where the energy input by impeller agitation is used the most efficiently for this particular solid-
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liquid mixing system. Therefore, the Cv value at this point is the ‘optimum solids concentration 
(Cv)op’ in terms of power consumption. Wang et al also found the ‘U-shaped’ curve for εjs with an 
optimum solids concentration of between 0.25-0.30 (v/v), in agreement with the result of this work.  
 
In order to illustrate (Cv)op is the most energy efficient solids concentration, mass of solids 
suspended per unit of power input is also shown in Figure 4.2. It is clear that at Cv = 0.25 (v/v), the 
impeller can suspend 0.63 kg of solids with each unit of power. However, at Cv=0.35 (v/v) the 
impeller can only suspend 0.43 kg of solids per unit of power, and at Cv= 0.05 (v/v) the impeller 
can only suspend 0.36 kg of solids with the same amount of power consumption. 
 
Figure 4.2 ε js as a function of solids concentration Cv in a baffled tank. Impeller: Rushton 
turbine. 
 
The possible reason for this phenomenon might be differences in energy dispersion in different 
solids concentrations. At a low solids concentration, most of the energy dispersed from the impeller 
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suspend solids until it reaches an equilibrium point where the energy dispersed from impeller is just 
enough to move all the liquid and suspend solids as well. This solids concentration is the ‘optimum 
solids concentration (Cv)op’. Once the solids concentration exceeds the optimum point, the slurry 
has less liquid and more solids (mass of solids > mass of liquid in the vessel), making it to difficult 
to suspend slurry. Therefore, most of the energy transferred from the impeller is used to suspend 
solids and therefore the overall impeller energy efficiency decreases.  
 
Most of the industrial mixing processes are operated at relatively low solids concentrations. Wang 
et al (2009) suggested that operating a solid-liquid mixing vessel at a relatively high solids 
concentration is preferable due to higher energy efficiency. The result of this work agrees with the 
findings of Wang et al. However, each solid-liquid system has different optimum concentration. 
Bong (2013) found that for the ion-exchange resins and NaOH system, the optimum solids 
concentration is between 0.15 - 0.20 (v/v). These results indicate that the impeller energy efficiency 
in a solid-liquid mixing vessel can be increased by operating them at the optimum solids 
concentration where the εjs value is found to be the minimum.      
 
4.2.2 Effect of impeller type on specific impeller power consumption 
The power consumption of a solid-liquid system is heavily based on the selection of the impeller. 
Kasat and Pandit (2005) pointed out that for a mixing system a proper impeller should not only 
satisfy the requirement of suspension, but also have a minimum power requirement. In this work, 
the two most commonly used agitators were studied; namely, Rushton turbine (DT6), and pitched 
blade impeller (PBT6). In general, at a constant solids concentration, more particles get suspended 
with increasing agitator speed. However, the location of the suspension is largely dependent on the 
agitator design. For radial flow agitators (DT6), particles get suspended from an annular space 
around the centre of the vessel bottom, whereas for axial flow agitators (PBT6) it occurs near the 
wall of the vessel bottom (Upadhyay et al., 1994). This difference in the position of the suspension 
is the main reason for different power consumption for these two types of agitator.  
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Figure 4.3 shows the effect of Cv on εjs for both DT6 and PBT6 impellers under baffled and 
unbaffled conditions. For both impeller and all conditions, εjs decreases with increasing solids 
concentration until a critical value and increases thereafter. It is interesting to note that the ‘U-
shape’ relationship between Cv and εjs exists for both impellers under both baffled and unbaffled 
conditions independent of the magnitude of the εjs values. From Figure 4.3a, it is clear that under 
baffled conditions DT6 has much higher εjs value than PBT6 at any solids concentration. Therefore, 
for this particular solid-liquid system, PBT6 has a much better energy efficiency than DT6 under 
baffled conditions. In addition, the optimum solids concentration for DT6 is located around 0.25 
(v/v) whereas that for PBT6 is around 0.20 (v/v).  
 
The low energy efficiency by the DT6 could be explained by the flow pattern. The fluid velocity in 
a radial agitator in a mixing vessel has three components. The first component is radial and travels 
in the direction that is perpendicular to the agitator shaft. The second component is longitudinal and 
acts along the shaft of the agitator. The third component is tangential to the circular path around the 
agitator shaft. These fluid movements divide the liquid into two distinct zones. Above the agitator 
the flow in the centre is downward and near the wall is upward, whereas below the agitator it is the 
opposite. The bottom zone provides little energy towards the suspension of particles as most of the 
particles tends to drop out of the zone and therefore the energy dispersed from this zone is more or 
less wasted (Upadhyay et al., 1994). Meanwhile, turbulence theory suggests that the turbulence 
intensity created at the impeller top decays along the path of the liquid flow causing a loss of energy 
during the changes in liquid flow direction (Raghava Rao et al., 1988).  
 
Figure 4.3 also reveals that under both baffled and unbaffled conditions, the εjs versus Cv curves for 
PBT6 are relatively flat. This indicates the effect of solids concentration on εjs is less significant 
compared to DT6. Unlike radial flow agitators, axial flow impellers do not form two distinct zones 
of flow. For a down-flow agitator, the fluid moves towards the bottom of the vessel in the centre 
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and then moves upwards along the wall. There is less energy loss for this flow pattern. In addition, 
as slurry in this flow pattern tends to move similar to an expanding circle, moving outward from a 
single point of concentration, increased solids concentration does not affect the flow pattern 
significantly. This might be the reason for the flat relationship between Cv and εjs. Overall, it can be 
concluded that axial flow impellers are more energy efficient than radial flow impellers for 
suspending solids off the tank bottom under baffled conditions.  
 
Figure 4.3b shows a very different result compared to 4.3a. Except at Cv= 0.01 (v/v), all the εjs 
values for PBT6 are higher than DT6, indicating that DT6 is much more energy efficient under 
unbaffled conditions. The unbaffled optimum solids concentrations are the same as for the baffled 
condition, (Cv)op= 0.25 (v/v) for DT6 and (Cv)op= 0.20 (v/v) for PBT6. Without the baffles, energy 
dissipation at the vessel wall is significantly decreased. However, it is interesting to note that under 
unbaffled conditions, slurry moves uniformly along the vessel wall which may indicate a reduced 
level of solids suspension. Wang et al also reported similar trends in εjs versus Cv curves for both 
the baffled and unbaffled conditions with a much larger vessel (vessel diameter 2.5 times bigger 
than the vessel used in this work). 
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(a) 
 
(b) 
 
Figure 4.3 Effect of impeller type on ε js as a function of solids concentration Cv. (a) Baffled 
condition, and (b) Unbaffled condition. 
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4.2.3 Effect of baffles on specific impeller power consumption 
 
Levins and Glastonbury (1972) reported that for unbaffled tanks the power consumption of the 
impeller is generally less than that for baffled vessels due to the reduced suspension speed required. 
Wu et al (2011) also suggested that removal of baffles leads to a significant reduction in impeller 
power consumption. The effect of reduced power consumption is even greater at high solids 
concentration. Figure 4.4 shows the effect of removing baffles on εjs for different impeller types. 
Under unbaffled condition, both impellers achieve higher energy efficiency at all solids 
concentrations.  
 
Interestingly, the effect of baffle removal is much greater for DT6. Table 4.1 lists the percentage 
change in εjs values for various solids concentrations due to the removal of baffles. It is clear that 
for DT6 at (Cv)op= 0.25 (v/v), εjs expereinces an enormous 83% decrease in value due to the 
removal of baffles. A similar result was found at both lower solid concentration and higher solids 
concentration. In contrast, PBT6 at (Cv)op= 0.20 (v/v) only has a 22% decrease in εjs value due to 
the removal of baffles, which indicates a 22% increase in power efficiency. Moreover, for PBT6, 
the magnitude of εjs value reduction increases as solids concentration increases. This trend is not as 
apparent for DT6.  It is worthy to note that, at high impeller speeds, the motion of slurry is 
somewhat unified. Slurry was found to spin around the vessel as a single solid mass and surface 
aeration was not found in this case.     
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(a) 
 
(b) 
  
Figure 4.4 Effect of baffle removal on ε js as a function of solids concentration Cv. Impeller: (a) 
Rushton turbine (DT6)  (b) 450 Pitched blade turbine (PBT6) 
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Table 4.1 Effect of baffle removal on ε js 
 Cv (v/v) εjs (w/kg) (Under 
baffled conditions) 
εjs (w/kg) (Under 
unbaffled conditions) 
% change in εjs due 
to baffle removed 
DT6 0.05 2.81 0.52 -81 
DT6 0.25 1.60 0.26 -83 
DT6 0.35 2.31 0.38 -85 
PBT6 0.05 0.83 0.67 -19 
PBT6 0.20 0.45 0.35 -22 
PBT6 0.35 0.90 0.52 -42 
  
Theoretically, removal of baffles will change the flow pattern of the fluid and therefore will change 
the power consumption (Upadhyay 1994). In the absence of baffles, an inward-spiralling liquid 
flow pattern is generated below the impeller. This flow pattern creates a strong liquid circulation 
that will draw any settled solids at the bottom of the vessel near the wall, then towards the centre 
and suspend them by liquid swirl motion (Bong 2013). This effect is much greater for a radial flow 
impeller compared to axial flow impellers. In summary, this particular fluid motion caused by the 
absence of baffles leads to a reduction in energy for solids suspension. These results show that the 
removal of baffles could enhance the overall power efficiency regardless of the impeller type used.    
 
4.2.4 Optimum geometric configuration and operating conditions for particle-liquid 
suspension in two phase system 
 
As mentioned before, the optimum operating solids concentration is the concentration at which the 
agitated vessel operates at minimum impeller specific power consumption. Therefore, (Cv)op occurs 
at the lowest εjs value along the εjs versus Cv curve, since the minimum εjs value denotes the most 
energy efficient operating conditions.  
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Table 4.2 lists the various (Cv)op for DT6 and PBT6 impellers under both baffled and unbaffled 
conditions. It is interesting to note that baffle arrangement does not appear to affect (Cv)op for either 
impeller; however, the experiment was conducted with 0.05 (v/v) solids concentration intervals 
leaving the exact value of (Cv)op unknown between these points. Nonetheless, from the data 
gathered it can be assumed that the baffle arrangement has little effect on (Cv)op.  
 
Table 4.2 (Cv)op for different impellers and corresponding ε js value 
Impeller type Baffle arrangement (Cv)op (v/v) Corresponding εjs (W/kg) 
DT6 Baffled 0.25 1.6 
DT6 Unbaffled 0.25 0.26 
PBT6 Baffled 0.20 0.45 
PBT6 Unbaffled 0.20 0.35 
 
In the mineral industry, vessels are generally operated under relatively low solids concentrations 
(0.01 to 0.10 (v/v)) (Wu, 2012). However, this work suggests that by finding the optimum operating 
solids concentrations, energy efficiency can be improved. Also, an operating solids concentration 
above (Cv)op is not desired due to the loss of efficiency. Figure 4.5 shows the difference in energy 
efficiency for three solids concentration levels: low, optimum, and high, respectively. It is clear that 
at low solids concentrations εjs is much higher, and this is an indication of energy inefficiency. For 
both impeller types and under both baffled and unbaffled conditions, εjs has the lowest value for the 
optimum solids concentration and therefore the highest energy efficiency. Although the εjs values at 
high solids concentrations are lower than the εjs values at lower solids concentrations, they are still 
higher than the values at the optimum concentration. In addition, at a very high solids concentration 
(0.35 (v/v)), solid particles create great resistance for impellers and therefore the measurement of εjs 
might not be very accurate. In summary, in terms of energy efficiency, it is most advantageous to 
operate the agitated vessel at the optimum solids concentration.  
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(a) 
  
(b) 
  
Figure 4.5 Variation of ε js for different impellers at low, optimum, and high solids 
concentrations. (a) Baffled condition (b) Unbaffled condition 
 
Figure 4.6 shows the variation of εjs values for different impeller types under baffled and unbaffled 
conditions at respective optimum solids concentrations. It is clear that by removing the baffle in a 
solid-liquid agitated system, energy efficiency increases. Under baffled conditions, PBT6 has lower 
εjs than DT6 at their respective optimum solids concentrations. However, under unbaffled 
conditions this is reversed. 
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Overall, DT6 with unbaffled conditions has the lowest εjs, indicating that DT6 with unbaffled 
conditions is the optimum geometric operating configuration. It should be noted that there are a lot 
more operating configuration variables that can affect power consumption, such as agitator 
clearance, impeller diameter, and tank diameter. Therefore, the optimum geometric operating 
configuration determined in this work can only be the optimum configuration for this system given 
that other variables are constant.  
 
 
Figure 4.6 Variation of ε js with baffled arrangement at respective optimum solids 
concentrations for all impeller types 
 
 
 
 
4.3 Conclusion 
 
This chapter investigated impeller power consumption for a solid-liquid system in a mechanically 
agitated vessel. Two impellers were used in this study, radial flow impeller (DT6) and axial flow 
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on the mass of solids suspended, was selected and calculated to represent impeller power 
consumption on the basis of total solid mass. 
  
Firstly, the effect of solids concentration on specific power consumption was studied. Results 
showed that for the range of solids concentrations (0 to 0.35 (v/v)), εjs decreases as solids 
concentration increases up to a minimum value is reached and then begins to increase as solids 
concentration increases.  
 
This minimum value of εjs represents the maximum energy efficiency for the impeller. The solids 
concentration with the minimum value of εjs is therefore the optimum solids concentration. For 
radial flow impeller (DT6), the optimum solids concentration is around 0.25 (v/v), whereas for axial 
flow impeller (PBT6) it is around 0.20 (v/v) independent of baffle arrangement.  
 
Therefore, it can be concluded that when operating a mechanically agitated vessel at optimum 
solids concentration, power is used most efficiently in terms of suspension of particles. Similar 
results were found for both impeller types and both baffle arrangements used.  
 
Secondly, the effect of baffle removal on specific impeller power consumption was studied. It was 
found that it is more energy efficient to remove the baffle for both impellers. After baffle removal, 
DT6 shows greater improvement in terms of energy efficiency (up to 83%) compared to the 22% 
energy efficiency improvement for PBT6 at their respective optimum solids concentrations.   
 
Lastly, optimum geometric configuration and operating condition were discussed. Under baffled 
condition, PBT6 is more energy efficient than DT6. However, under unbaffled condition, DT6 is 
more energy efficient than PBT6. Overall, DT6 under unbaffled condition is the most energy 
efficient geometric configurations. Therefore, for this particular solid-liquid system, DT6 impeller 
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operating at 0.25 (v/v) solids concentration under unbaffled condition is the most energy efficient 
geometric configurations. 
 
In industry, energy efficiency is not the only requirement for solid-liquid mixing processes. Mass 
transfer is also a significant factor that needs to be considered. This led to the investigation of solid-
liquid mass transfer in a mechanically agitated vessel, the results of which are reported in chapter 5. 
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CHATPER 5 RESULTS AND DISCUSSION 
SOLID-LIQUID MASS TRANSFER IN MECHANICALLY AGITATED VESSEL 
 
5.1 Introduction 
 
In the field of chemical engineering, mass transfer normally takes place at the surface of solid 
particles dispersed in a continuous phase. Many industrial processes follow this phenomenon, such 
as absorption, crystallization, and dissolution of solids in agitated vessels. For a comprehensive 
evaluation of the influence of various parameters that affect these systems, the rate of both chemical 
changes and physical mass transfer as well as the effects of interaction between the processes need 
to be studied. However, this work will only focus on the problem of physical mass transfer from the 
surface of solid particles dispersed in agitated liquids.  
 
There are many variables that affect mass transfer in an agitated vessel. These variables can be 
categorised into two groups, 1) operating and geometric parameters and 2) physical parameters. 
Operating and geometric parameters are vessel geometry, baffle arrangement, agitator design, solids 
loading, and impeller speed. Physical parameters are liquid density and viscosity, diffusion 
coefficient and shape, and size and density of particles. Due to the complex nature of these two 
aspects and their influence upon each other, only the effect of operating and geometric parameters 
on mass transfer will be studied in this work.  
 
The results presented in Chapter 4 show that by operating at the optimum solids concentration and 
removing baffles, energy efficiency of the solid-liquid system can be improved. This solids 
concentration for optimum energy efficiency is generally higher than the solids concentration used 
in industry. Therefore, this leads to the study whether this optimum value is also valid from the 
perspective of mass transfer. Overall, research that focuses on solid-liquid mixing systems aims to 
improve energy efficiency while maintaining the level of the mass transfer rate (Nienow 1978).     
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In agitated mass transfer operations carried out in the mineral processing industry, not all ore 
particles contribute to the mass transfer. Significant amounts of ore particles are inert and do not 
participate in mass transfer. However, their presence influences various operating parameters such 
as the just off-bottom suspension impeller speed and power input, and the mass transfer rate. The 
information available on the effect of inert particle concentration on solid-liquid mass transfer 
coefficient is very limited.   
 
In one of the few studies made on inert particle concentration’s effect on mass transfer, Iwanaka et 
al (1985) found that the solid-liquid mass transfer coefficient would decrease with an increase in 
inert particle concentration. Yang and Renken (1998), on the other hand, reported that the mass 
transfer rate would increase with an increase in inert particle concentration but for a fluidised bed.  
 
It was clear from a literature review that most of the previous solid-liquid mass transfer studies 
involved solids that were all active in mass transfer. But the ore particles processed in mineral 
industry are usually a mixture of active and inert particles with either a constant or varying volume 
ratio. Very few attempts have been made so far to investigate the effects of varying active particle 
mass fraction in total solids on solid-liquid mass transfer coefficient. This study aims to do that.   
 
This chapter firstly discusses the effect of impeller speed on solid-liquid mass transfer coefficient. 
Then, the effect of solids concentration on solid-liquid mass transfer coefficient is studied for a 
constant active particle mass fraction. Furthermore, the relationship between total solids 
concentration and the mass transfer coefficient is examined. The total solids concentration at which 
the solid-liquid mass transfer coefficient is the highest is defined as the ‘effective solids 
concentration, (Cv)eff’. In addition, the effect of active particle mass fraction in total solids (Ma) is 
discussed. This chapter also compares the solid-liquid mass transfer coefficient by varying impeller 
type and baffle arrangement.  
 65 
 
The results presented in this chapter provide a better understanding of the correlation between the 
active particle mass fraction and solid-liquid mass transfer coefficient. In addition, impeller type 
and baffle arrangement were varied to achieve further improvements in solid-liquid mass transfer 
coefficient. These results will be useful in selecting the optimum geometric configuration for solid-
liquid mass transfer mixing system.  
 
5.2 Results and discussion 
 
5.2.1 Effect of impeller speed on mass transfer coefficient  
The relationship between impeller speed and mass transfer has been studied extensively in the past 
(Harriott, 1962; Nienow, 1969). It was found the solid-liquid mass transfer coefficient increases 
with increasing impeller speed (Barker and Treybal, 1960; Brian et al., 1969; Harriott, 1962, 
Nienow, 1969). In this work, experiments were conducted by varying the total solids concentration 
(Cv) to examine its effect on the solid-liquid mass transfer coefficient (ksl). ksl values are plotted 
against the impeller speed in Figure 5.1 for various Cv at a constant active particle mass fraction Ma 
of 0.05. The impeller used was Rushton turbine (DT6) and the vessel is under baffled condition. It 
is clear that ksl values increase with an increase in impeller speed up to Njs for all Cv. The ksl values 
below Njs display a relatively weak dependency on the impeller speed. At lower impeller speed, 
agitation is not yet at an optimum level and the total surface area of solids is still not completely 
available for mass transfer, and therefore the relationship between ksl and impeller speed is weakly 
correlated (Harriott, 1962; Nienow 1969; Lal et al., 1988). Although ksl values continue to increase 
above Njs, the extent of increase is much lower. Beyond Njs, although overall liquid turbulence will 
continue to increase, more and more bubbles appear in the liquid due to surface aeration and hinder 
the available surface area for mass transfer (Nienow, 1969; Kato et al., 2001). This is the main 
reason that an increase in impeller speed above Njs only produces a marginal increase in ksl.  
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In terms of power consumption, it is uneconomical to operate the system with impeller speed above 
Njs as the increase in ksl is marginal while the impeller power input required increases 
exponentially. Conversely, operating the impeller below Njs is not recommended because it leads to 
lower ksl values due to settling of a fraction of the particles at the tank bottom, and therefore the 
total surface area of solids is not available for mass transfer. In summary, it is recommended to 
operate the impeller in a solid-liquid agitated vessel at Njs when used for a mass transfer operation.  
 
Figure 5.1 also indicates that ksl values decrease with increasing solids concentration at a given 
impeller speed. As mentioned above, this experiment is conducted at constant active particle mass 
fraction. Therefore, an increase in solids concentration essentially increases the mass of inert 
particles, and hence the mass transfer coefficient is decreased due to the presence of more and more 
inert particles that hinder the mass transfer. The following section 5.2.2 will address this matter in 
detail.  
 
 
Figure 5.1 Effect of solids concentration on relationship between solid-liquid mass transfer 
coefficient kSL and impeller speed. Baffled tank with Rushton turbine (DT6), Ma is kept at 
0.05 
 
0	  
0.0001	  
0.0002	  
0.0003	  
0.0004	  
0.0005	  
0.0006	  
0.0007	  
0	   5	   10	   15	   20	   25	  
k S
L
 (m
/s
)
N (rps)
0.15	  (v/v)	  
0.10	  (v/v)	  
0.05	  (v/v)	  
Njs 
Njs 
Njs 
 67 
5.2.2 Effect of inert particle concentration of solid-liquid mass transfer 
 
Most of the literature focusing on the effect of solids concentration on mass transfer used only 
active particles. However, nearly all the literature focusing on the effect of solids concentration on 
solids suspension has only inert particles which do not dissolve or are absorbed by the liquid. 
Therefore, it is useful to know the effect of inert particles on mass transfer in a mechanically 
agitated vessel.  
 
Figure 5.2 shows the relationship between inert particle concentration and volumetric mass transfer 
efficient (kslap) while the amount of active particles in liquid is maintained at a certain level.  These 
experiments were carried out using the required amount of inert particles (uncoated particles) for 
each Cv and adding a constant amount of active particles (benzoic acid coated particles). For 
example, the green curve in Figure 5.2 was achieved by adding 5 g of active particles to various 
amounts of inert particle required for obtaining various Cv,inert values. For all active particle 
amounts, an increase in inert particle concentration has no significant effect on kSLap. The kSLap 
versus inert particle concentration Cv,inert curves are more or less flat for all active particle fractions. 
This indicates the inert particle concentration does not affect the values of kSLap for solid-liquid 
mass transfer. In addition, it is clear that a higher active particle amount tends to have a higher 
overall kSLap value for all inert particle concentration levels. 
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Figure 5.2 Effect of total solids concentration on volumetric mass transfer coefficient, kSLap, at 
various constant active particle concentrations. Baffled tank, Rushton turbine (DT6)   
 
The relationship between Cv,inert and mass transfer coefficient, kSL are shown in Figure 5.3 for 
various active particle amounts. It is clear that for all active particle amounts the mass transfer 
coefficient kSL decreases with increasing Cv,inert. Also, higher active particle amounts tend to have a 
higher overall kSL value for all inert particle concentration levels. This indicates that inert particles 
hinder mass transfer between liquid and active particles. This result is in agreement with the 
findings of previous investigators (Tran et al., 1992; Kikuchi et al., 1987). It is interesting to note 
that although kSL decreases as Cv,inert increases, the values of kSLap do not change much (Figure 5.2). 
A possible explanation for this phenomenon is the surface area of active particle increases as Cv,inert 
increases and therefore offsets the decrease in kSL. This result is quite unique to agitated vessels 
since most research for fluidised beds indicates that increasing Cv will increase the value of kSL 
(Yang and Renken, 1998; Mondal and Saha, 2010 ). 
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Figure 5.3 Effect of inert particle concentration on mass transfer coefficient, kSL, at various 
constant active particle concentrations. Baffled tank, Rushton turbine (DT6). 
 
 
 
 
 
 
5.2.3 Effect of total solids concentration on solid-liquid mass transfer 
In the previous section, the effect of inert particle concentration on the solid-liquid mass transfer 
coefficient was studied. Having understood this, the effect of total solids concentration on mass 
transfer is now studied. The mass fraction of active particles is kept at a constant value, and 
therefore, as total solids concentration increases, both inert and active particles amount increase. 
Two active particle mass fractions are selected for this study, i.e., Ma = 0.05 and 0.10. 
 
The effect of total solids concentration on kSLap is shown in Figure 5.4 for two active particle mass 
fractions Ma. It is clear that for a given Ma, kSLap increases initially with increasing Cv, reaches a 
maximum value, and decreases thereafter. For both Ma values, kSLap is maximum for a Cv of 15% 
(v/v). These results indicate that this system will yield optimum results in terms of mass transfer 
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many reasons. The Njs required for suspending solids at Cv > 20% (v/v) was fairly high and led to 
surface aeration of bubbles that could be interfering with mass transfer. Also, the decrease in kSLap 
at Cv > 20% (v/v) is certainly due to a decrease in kSL because ap values at these Cv are higher than 
those at Cv = 15% (v/v). In order to understand the influence of Cv on kSLap clearly, therefore, it is 
essential to study the trend in kSL as a function of Cv. 
 
 
Figure 5.4 Effect of solids concentration Cv on volumetric solid-liquid mass transfer 
coefficient kSLap for active particle mass fractions Ma=0.05 and Ma=0.10.  Impeller: Rushton 
turbine, baffled condition  
  
Figure 5.5 shows kSL values as a function of Cv for both Ma values used in this work. It is 
interesting to note that as Cv increases, kSL decreases for both Ma. It is also clear that the kSL value 
for a given Cv decreases with an increase in Ma. For Cv = 5% (v/v), kSL is maximum for both Ma 
values. When these results are considered along with the kSLap results shown in Figure 5.4, it is clear 
that the increase in kSLap with an increase in Cv is mainly due to the increase in ap for Cv < 15% 
(v/v). For Cv > 15% (v/v), the decrease in kSLap with an increase in Cv is certainly due to the 
decrease in kSL. In this case, the extent of the decrease in kSL with an increase Cv is greater than the 
increase in ap with an increase in Cv.  
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Figure 5.5 Effect of solids concentration Cv on mass transfer coefficient ksl at active particle 
mass fraction Ma=0.05 and Ma=0.10. Impeller: Rushton turbine, baffled condition 
 
 
5.2.4 Effect of active particle mass fraction on solid-liquid mass transfer 
 
In many industry mineral processes, total solids concentration is a combination of active and inert 
particles. Minerals are normally combined with sand and clay to form a solid mixture in the solid-
liquid mixing vessel. However, the concentration of active particles (minerals) and the 
concentration of inert particles (sand and clay) are generally not at a constant ratio which means the 
active particle mass fraction could change as the total solids concentration increases. Therefore, it is 
useful to understand the effect of active particle concentration on the mass transfer coefficient.  
   
Figure 5.6 illustrates that higher Ma values lead to a higher value of kSLap, indicating that it is more 
efficient to operate this system at a higher active particle mass fraction in order to achieve a higher 
kSLap. It is interesting to note that at low solid concentrations (1-3% (v/v)), Ma has little effect on 
kSLap. But as Cv increases, the effect of Ma becomes greater on kSLap.  
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Figure 5.6 Effect of total solids concentration Cv on volumetric solid-liquid mass transfer 
coefficient kSLap for various active particle mass fractions Ma. Impeller: Rushton turbine, 
baffled condition 
 
It is clear from Figure 5.7 ksl decreases as Ma increases. However, the extent of the decrease is 
smaller for Cv > 20% (v/v). In other words, there is no significant difference in ksl values with an 
increase in Ma values for Cv = 20 and 25% (v/v). Considering the kslap data in Figure 5.6 for Cv > 
20% (v/v), it seems that ap for active particles increases by a much greater extent than the decrease 
in ksl.  
These results indicate that there might be an effective operating Cv value for this system; however, 
this needs to be determined by taking both ksl and εjs values together. The results of Figure 5.7 are in 
direct contrast to those of Figure 5.6, where kslap increases as Ma increases, indicating that although 
kSL decreases as Ma increases, the extent is much smaller than the increase of ap. The reason behind 
the increased kslap and decreased kSL when Ma increases is relatively complicated - it involves the 
understanding of turbulence levels in the vessel and the effective viscosity of slurry at high solids 
concentration which is outside the scope of this work.     
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Fig.5.7 Effect of total solids concentration Cv on mass transfer coefficient kSL at various active 
particle mass fractions ratio Ma. Impeller: Rushton turbine, baffled condition 
 
 
5.2.5 Effect of impeller type on solid-liquid mass transfer 
 
Agitators generate liquid flow and turbulence for solid-liquid agitated systems. Therefore the 
selection of impeller has a significant impact on the solid-liquid mass transfer coefficient in the 
mixing vessel. In this work, two of the most common industrial impellers are studied and compared, 
namely, DT6 and PBT6.  
 
The effect of impeller type on the mass transfer rate under baffled conditions is shown in Figure 
5.8.  It is clear at low Cv values (< 5% v/v), DT6 impeller provides higher kSLap values for this solid-
liquid system under baffled conditions. However, under unbaffled conditions, PBT6 provides 
higher kSLap values for all solids concentration levels. In addition, when Cv increases (> 5% v/v), it 
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generated by the disk turbine improved particle suspension which in turn led to the higher kSL 
values. Levins and Glastonburry (1972) reported unbaffled conditions reduces the mass transfer 
coefficient and pitched blade impellers are less affected by the removal of baffles. 
 
As mentioned above, the Cv at which the highest kSLap value occurs is designated as (Cv)eff. 
Therefore, the value of kSLap is maximum when Cv = 20% (v/v) and consequently (Cv)eff for the 
system operating with PBT6 is 0.20 (v/v). This value is higher compared to the system with DT6, 
for which the maximum kSLap is achieved at (Cv)eff = 0.15 (v/v). The relationship between the 
effective solids concentrations (Cv)eff (based on mass transfer) and optimum solids concentration 
(Cv)op (based on energy efficiency) will be discussed further in section 5.2.7. 
 
To investigate the effect of impeller type on mass transfer coefficient, a plot of kSL versus Cv is 
shown in Figure 5.9 for DT6 and PBT6 operating under both baffled and unbaffled conditions. It is 
clear that PBT6 leads to higher kSL values for Cv > 0.05 (v/v) under both baffled and unbaffled 
conditions. For Cv < 0.05 (v/v) under baffled conditions, DT6 leads to higher kSL values. Therefore, 
for this particular solid-liquid system in terms of mass transfer, it is more efficient to use DT6 at 
low solids concentrations under baffled conditions and PBT6 at high solids concentrations for both 
baffled and unbaffled conditions. 
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(a) 
 
(b) 
 
Figure 5.8 Comparison between Rushton turbine and pitched blade impeller for volumetric 
mass transfer coefficient. (a) Baffled condition (b) Unbaffled condition  
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(a) 
 
(b) 
 
Figure 5.9 Comparison between Rushton turbine and pitched blade impeller for mass transfer 
coefficient. (a) Baffled condition (b) Unbaffled condition 
 
 
5.2.6 Effect of baffle removal on solid-liquid mass transfer coefficient 
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Baffles are commonly employed in agitated vessels to enhance mixing and improve turbulence in 
the fluid and hence improve mass transfer. From past studies, removal of baffles was found to have 
a negative impact on the mass transfer coefficient (Levins and Glastonbury, 1972; Lai et al., 1988). 
Although it was found that energy efficiency can be improved with baffle removal in Chapter 4, the 
effect of baffle removal on the mass transfer coefficient needs to be understood.   
 
Figure 5.10 is a plot between kSL and Cv under both baffled and unbaffled conditions for DT6 and 
PBT6. It is clear that removal of baffles does decrease the mass transfer coefficient for both 
impellers. However, the magnitude of the reduction in the mass transfer coefficient decreases as the 
Cv increases. Therefore, although baffle removal decreases the mass transfer coefficient, the effect 
is lessened at high solids concentrations for both impellers.  
 
Table 5.1 presents this phenomenon in detail. At Cv = 0.05 (v/v), the removal of baffles decreases 
kSL by 65% for DT6 and 42% for PBT6. At Cv = 0.25 (v/v), the removal of baffles decreases kSL 
only by 23% for DT6 and 36% for PBT6. DT6 at lower solids concentrations is a lot more sensitive 
to the removal of baffles compared to PBT6.  
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(a) 
 
(b) 
 
Figure 5.10 Effect of baffle removal on mass transfer coefficient (a) DT6 (b) PBT6 
 
 
 
Table 5.1 Effect of baffle removal on kSL  
Cv (v/v) DT6 PBT6 
0.05 -65% -42% 
0.15 -30% -40% 
0.25 -23% -36% 
0	  
0.0001	  
0.0002	  
0.0003	  
0.0004	  
0.0005	  
0.0006	  
0.00	  	   0.05	  	   0.10	  	   0.15	  	   0.20	  	   0.25	  	   0.30	  	  
k S
L
 (m
/s
)
Cv (v/v)
Baffled,	  Ma=0.05	  
Unbaffled,	  Ma=0.05	  
-­‐2.17E-­‐19	  
0.0001	  
0.0002	  
0.0003	  
0.0004	  
0.0005	  
0.0006	  
0.00	  	   0.05	  	   0.10	  	   0.15	  	   0.20	  	   0.25	  	   0.30	  	  
k S
L
 (m
/s
)
Cv (v/v)
Baffled,	  Ma=0.05	  
Unbaffled,	  Ma=0.05	  
 79 
 
 
5.2.7 Effective solids concentration for mass transfer 
The results presented earlier in this chapter indicate that there is an inverse U-shaped curve 
relationship between kSLap and Cv. Therefore, the Cv value at which the maximum kSLap is located is 
designated as (Cv)eff. As discussed before in section 5.2.3, kSLap increases as solids concentration 
increases up to (Cv)eff, and begins to decrease thereafter. From Figures shown above in this chapter, 
it was found that (Cv)eff varies depending on the type of impeller and baffle arrangement. Table 5.2 
summarises the values of (Cv)eff and corresponding kSLap values for different impeller types and 
baffle arrangements. It is interesting to note that (Cv)eff seems to have no significant correlation with 
the baffle arrangement or Ma and depends only on the impeller type. For DT6, (Cv)eff is 0.15 (v/v) 
under both baffled and unbaffled conditions for all Ma values, and for PBT6 (Cv)eff is 0.20 (v/v) 
under both baffled and unbaffled conditions for all Ma values. Overall, PBT6 under baffled 
conditions with Ma = 0.10 has the highest kSLap value, while DT6 under unbaffled conditions with 
Ma = 0.05 has the lowest kSLap value.  
 
For both impellers, (Cv)eff is around 0.15 to 0.20 (v/v) regardless of the baffle arrangement or Ma 
value. This result is similar to the optimum solids concentration (Cv)op values based on the impeller 
specific power input εjs discussed in section 4.2.4 of Chapter 4. In other words, the (Cv)eff with the 
highest volumetric mass transfer coefficient is also the optimum operating condition in terms of 
impeller energy efficiency. These results indicate that both mass transfer and energy efficiency can 
be improved by operating solid-liquid system at a high solids concentration. The following section 
will discuss this in more detail. 
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Table 5.2 (Cv)eff and corresponding kSL 
Impeller types Baffle 
arrangement 
Ma (Cv)eff (v/v) kSLap (1/s) 
DT6 Baffled  0.05 0.15 0.029 
DT6 Baffled  0.10  0.15 0.038 
DT6 Unbaffled 0.05 0.15 0.020 
DT6 Unbaffled  0.10 0.15 0.026 
PBT6 Baffled  0.05 0.20 0.038 
PBT6 Baffled  0.10 0.20 0.039 
PBT6 Unbaffled 0.05 0.20 0.022 
PBT6 Unbaffled 0.15 0.20 0.030 
 
5.2.8 Comparison between effective solids concentration and optimum solids concentration 
 
From the results of Chapter 4 and previous sections of Chapter 5, two important operating solids 
concentrations were defined, namely, (Cv)op and (Cv)eff. (Cv)op represents the optimum operating 
solids concentration in terms of impeller energy efficiency whereas (Cv)eff stands for the effective 
operating solids concentration in terms of mass transfer rate. Both of these solids concentrations are 
relatively high solids concentrations compared to solids concentration used in industry. This section 
aims to compare these two solids concentrations and discusses the implication of them for solid-
liquid mixing systems.  
 
Table 5.3 listed both the (Cv)op and (Cv)eff for DT6 and PBT6 under both baffle arrangements. As 
mentioned in previous section and Chapters 4 and 5, the value of Ma does not affect both (Cv)op and 
(Cv)eff. Therefore, Ma value was excluded in this section. It is clear that from Table 5.3, PBT6 under 
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both baffled and unbaffled conditions have the same solids concentration for both (Cv)op and (Cv)eff 
and hence the optimum solids concentration for PBT6 in this solid-liquid mixing system is Cv = 
0.20 (v/v).  
 
The values of (Cv)op and (Cv)eff are different for DT6 under both baffle arrangements. (Cv)eff is at a 
low solids concentration compared to (Cv)op. This indicates that the optimum solids concentration in 
terms of power efficiency is higher than the effective solids concentration in terms of mass transfer 
rate. Previous research suggested that the solid - liquid mixing systems should aim to improve 
energy efficiency while maintaining the level of the mass transfer rate (Nienow 1978). Therefore, 
the optimum solids concentration for DT6 in this solid-liquid mixing system should be selected at 
Cv= 0.15 (v/v). 
 
Table 5.3 (Cv)op and (Cv)eff at both baffle arrangement conditions with various impeller types 
Impeller type Baffled condition Unbaffled condition 
(Cv)op (v/v) (Cv)eff (v/v) (Cv)op (v/v) (Cv)eff (v/v) 
DT6 0.25 0.15 0.25 0.15 
PBT6 0.20 0.20 0.20 0.20 
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5.3 Conclusion  
 
The effect of various operating parameters on solid-liquid mass transfer coefficient was studied 
using a range of solids concentration (0.05 to 0.30 (v/v)). The impellers used in this study were two 
of the commonly used impellers in the industry, namely, DT6 and PBT6. Experiments were 
conducted under both baffled and unbaffled tanks with same tank diameter.  
 
Although ksl values were found to be improved when operating impellers at a higher impeller speed 
than Njs, it is uneconomical since the increase in ksl is marginal while the impeller power input 
required increases exponentially. Conversely, operating the impeller below Njs is not recommended 
because it leads to lower ksl values. Therefore, it is recommended to operate the impeller speed in a 
solid-liquid agitated vessel at Njs when used for a mass transfer operation.  
 
The effects of both inert particle concentration and total solids concentration on mass transfer were 
studied. It was found that inert particle concentration does not affect the values of kSLap, however, 
the concentration of inert particles has a negative impact on the values of kSL. In comparison, 
increasing te total solids concentration has a positive impact on kSLap, while having a negative 
impact on kSL. Therefore, it can be concluded that operating the solid-liquid mixing system at 
higher total solids concentrations will improve the volumetric mass transfer coefficient while 
reduces the value of mass transfer coefficient. 
 
Having understood the effect of both inert particle and total solids concentrations on mass transfer, 
the effect of the active particle mass fraction on mass transfer was studied. It was found that kslap 
increases as Ma increases, although kSL decreases as Ma increases. Therefore, similar to total solids 
concentration, Ma improves the volumetric mass transfer coefficient while reduces the value of 
mass transfer coefficient. 
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In terms of physical operating parameters, it was found that DT6 at low solids concentrations under 
baffled conditions outperforms PBT6 whereas PBT6 is more efficient at high solids concentrations 
under both baffled and unbaffled conditions. Baffle removal was suggested to be an effective way 
to increase energy efficiency in Chapter 4. However, baffle removal was found to have a negative 
impact on the mass transfer coefficient, though the effect is lessened at high solids concentrations 
for both impellers.  
 
In summary, considering both energy efficiency and mass transfer rate in this solid-liquid system, 
the optimum operating solids concentration for PBT6 was found to be Cv = 0.20 (v/v) while for 
DT6, the optimum operating solids concentration was found to be Cv= 0.15 (v/v). 
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CHAPTER 6 CONCLUSION 
 
6.1 Conclusion 
 
Solid-liquid mixing in agitated vessels is one of the most common processes in the mineral 
processing industry. Nowadays, with energy shortage and higher demand for output, it is desired to 
improve the design of solid-liquid mixing process to reduce energy consumption and increase 
throughput without varying the operating conditions to a great extent. 
 
Experiments were conducted in this study with the aim of evaluating the effect of solids loading on 
both specific impeller power consumption and mass transfer coefficient. The results of this study 
discussed the optimum operating conditions and geometry configuration for solids concentration 
between 0 and 0.30 (v/v).  
 
One of the main aims of this study is to understand the effect of solids loading and active particle 
mass fraction on mass transfer coefficient in an agitated solid-liquid (dissolution) system at various 
solids concentrations (v/v). Another objective is to investigate the relationship between solids 
loading, active particle mass fraction, and mass transfer coefficient and determine the effective 
mass transfer solid concentration ((Cv)eff). Another objective of this work is to study the relationship 
between specific impeller power input and mass transfer coefficient and therefore identify the 
optimum operating conditions for solid-liquid (dissolution) mixing system in terms of energy 
consumption. 
 
The following conclusion can be drawn from this study: 
l The effect of solids concentration on specific power consumption was studied. Results showed 
that at higher solids concentrations of (Cv) = 0.20 – 0.25 (v/v), εjs value is minimum.  
l The effect of baffle removal on specific impeller power consumption was studied. It was found 
that it is more energy efficient to remove the baffle for both impellers used i.e., DT6 and PBT6. 
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After baffle removal, DT6 shows greater improvement in terms of energy efficiency compared 
to PBT6 at their respective optimum solids concentrations. 
l It was found that operating the impeller in a solid-liquid agitated vessel at Njs when used for a 
mass transfer operation is the most economical and ideal. 
l The effects of inert particle concentration on mass transfer were studied. It was found that inert 
particle concentration does not affect the values of kSLap, however, the concentration of inert 
particles has a negative impact on the values of kSL. 
l The effect of total solids concentration on mass transfer was studied. It was found that 
increasing total solids concentration has a positive impact on kSLap, while having a negative 
impact on kSL. Therefore, it can be concluded that operating the solid-liquid mixing system at 
higher total solids concentrations will improve the volumetric mass transfer coefficient while 
reduces the value of mass transfer coefficient. 
l The effect of the active particle mass fraction on mass transfer was studied. It was found that 
kslap increases as Ma increases, although kSL decreases as Ma increases. Therefore, similar to 
total solids concentration, Ma improves the volumetric mass transfer coefficient while reduces 
the value of mass transfer coefficient. 
l It was found that, in terms of mass transfer efficiency, DT6 at low solids concentrations under 
baffled conditions outperforms PBT6 whereas PBT6 is more efficient at high solids 
concentrations for both baffled and unbaffled conditions. 
l Baffle removal was found to have a negative impact on the mass transfer coefficient, though 
the effect is lessened at high solids concentrations for both impellers.  
l Considering both energy efficiency and mass transfer rate in this solid-liquid system, the 
optimum operating solids concentration for PBT6 was found to be Cv = 0.20 (v/v) while for 
DT6, the optimum operating solids concentration was found to be Cv = 0.15 (v/v). 
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6.2 Recommendations 
 
The following are the recommendations for possible further work: 
l This study can be extended with other solid-liquid systems especially non-Newtonian liquid.  
l The inert particle used in this study is glass particles. This study can also be extended to other 
industrial inert particles such as sand and clay. However, the fluid property of slurry that 
contains sand and clay can be non-Newtonian and therefore the rheology of the slurry needs to 
be further investigated.  
l The effect of particle size on mass transfer under high solids concentration can be studied.  
l Mathematical correlation can be done on the mass transfer coefficient and the results of this 
work can be extended to model a design equation for vessels that operating under high solids 
concentration.   
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APPENDIX 
Table A.1 Solid-liquid interfacial area per unit volume of liquid Cv= 0.01 – 0.30 (v/v), Ma= 
0.01 
Cv (v/v) ap (m-1) 
0.01 1.71 
0.03 5.14 
0.05 8.57 
0.10 17.14 
0.15 25.7 
0.20 34.28 
0.25 42.85 
0.30 51.42 
 
Table A.2 Solid-liquid interfacial area per unit volume of liquid Cv= 0.01 – 0.30 (v/v), Ma= 
0.05 
Cv (v/v) ap (m-1) 
0.01 8.571 
0.03 25.71 
0.05 42.85 
0.10 85.71 
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0.15 128.57 
0.20 171.42 
0.25 214.28 
0.30 257.14 
 
 
Table A.3 Solid-liquid interfacial area per unit volume of liquid Cv= 0.01 – 0.30 (v/v), Ma= 
0.07 
Cv (v/v) ap (m-1) 
0.01 12.78 
0.03 36.12 
0.05 60.12 
0.10 120.44 
0.15 180.45 
0.20 240.41 
0.25 300.21 
0.30 360.21 
 
Table A.4 Solid-liquid interfacial area per unit volume of liquid Cv= 0.01 – 0.30 (v/v), Ma= 
0.10 
Cv (v/v) ap (m-1) 
0.01 17.14  
0.03 51.43  
0.05 85.71  
0.10 171.43  
0.15 257.14  
0.20 342.86  
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0.25 428.57  
0.30 514.29  
 
 
